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 The development of multifunctional materials has gained a great deal of attention 
in recent years because they provide a way to reduce parasitic weight in vehicles, which 
reduces both fuel consumption and operational cost.  Composite systems are used in the 
development of materials with multifunctional properties.   
This project fabricated and characterized the electromagnetic and mechanical 
properties of particulate composite systems.  The goal was to improve both sets of 
properties using Fe3O4 (magnetite) as the filler in a polymer matrix.  Two particulate 
composite systems were studied.  The first system used Fe3O4 nanoparticles of average 
diameter 7 nm, 12 nm, and 25 nm as fillers.  In the second sytem, 5 micron polypyrrole-
coated Fe3O4 particles were the fillers.  Polypyrrole, a conductive polymer, was added as 
a way to incorporate electrical conductivity into the composite. 
 Since Fe3O4 nanoparticles with diameters smaller than 20 nm were not readily 
available, part of this project was devoted to the synthesis and characterization of 
magnetite nanoparticles using chemical coprecipitation.  Process variables were found to 
have a strong effect on particle size, and they included the concentration of iron 
precursor, the ionic strength of solution, and the ratio of ferric to ferrous ions.  Magnetite 
nanoparticles with average diameters of 5 to 12 nm were synthesized and they exhibited 
superparamagnetic behavior.  Characterization of the particles’ magnetic properties was 
conducted and showed a correlation with particle size.  Magnetization of the particles 
decreased with their size; it was attributed to the presence of a magnetically dead layer on 
the surface.  The thickness of the dead layer was calculated to be 0.94 nm, very close to 
the lattice constant of Fe3O4.   
xviii 
 Analysis of the nanocomposites showed that both electromagnetic and mechanical 
properties are a function of filler size.  The properties of nanocomposites were also 
compared with those of micron-sized composites.  Magnetic nanoparticles exhibited 
reduced magnetization with decreasing particle size; therefore, the same trend was 
observed with the magnetic permeability of nanocomposites.  Resonance frequencies of 
micron-sized composites were close to 25 nm composites, approximately 4 to 5 GHz.  In 
contrast, 12 nm fillers displayed resonance at approximately 2.5 GHz.  The mechanical 
properties of 25 nm composites also behaved similarly to micron-sized composites.  7 nm 
and 12 nm fillers showed improvements in fracture toughness, but at the expense of 
decreased modulus and strength.    
 In the second composite system, polypyrrole coating on Fe3O4 fillers offered 
advantages to both the mechanical and electromagnetic properties.  Surface conductivity 
of Fe3O4 particles was improved by two orders of magnitude after they were coated with 
polypyrrole.  The same effect translated to composites:  at a volume fraction of 0.10, the 
composite with uncoated Fe3O4 fillers had a conductivity less than 1x10-9 S/cm; using 
polypyrrole coated fillers, the conductivity was ~1 x 10-6 S/cm.  The fabricated samples 
were below the percolation threshold so it can be expected that conductivity 
improvements were minimal.  Nevertheless, this method allowed for concurrent 
optimization of both magnetic and conductive properties.  The flexural strength of 
composite with polypyrrole coating was also higher than the uncoated fillers at volume 
fraction of 0.10, and the modulus was comparable.   
 A multifunctional approach was used to develop, fabricate, and characterize two 
particulate composite systems.  Two types of fillers were evaluated.  Fe3O4 nanoparticles 
xix 
improved fracture toughness, but they compromised other properties.  Polypyrrole-coated 
Fe3O4 has more potential for multifunctional material applications because the coating 
allows for concurrent increase in magnetic permeability and electrical conductivity in a 
composite.  The polypyrrole coating also improved the strength of the composite.  
Composites with a higher volume fraction of polypyrrole-coated fillers should be able to 
display these benefits more effectively.     Polypyrrole-coating process is versatile enough 





The intent of this thesis is to lay groundwork for the development, fabrication, 
and characterization of lightweight multifunctional materials.  This was accomplished 
by developing polymer-based composites and using fillers with multiple functionalities.   
 
1.1  Composite Materials 
Countless types of composites with wide variations of properties have been 
developed throughout engineering history but they all have similar challenges.  The 
general goal in the design and fabrication of all composites has been to combine two or 
more different materials (or phases) to produce a single material that behaves as a 
homogenous entity and has predictable and reproducible properties.  The composite 
material often has properties that are different from the individual components [1, 2].   
With appropriate design, a composite combines the best qualities of each component, 
producing a material with properties that are superior to each component.  The selection 
of the constituent materials is nontrivial.  This research emphasizes two and three 
component composites.  Examples include polymer-metal, polymer-ceramic, metal-
ceramic, and polymer-metal-ceramic components, or mixtures of the same class of 
materials with distinct phases [1]. 
Common composite materials are light and have superior mechanical properties.  
Fiber-reinforced plastics and particulate-filled composites are two common examples of 
mechanical composites.  There are two components in such composites:  polymer-based 
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matrix and reinforcing fillers (fibers or particles) [1, 3].  The fibers provide strength and 
stiffness to the composite, while the polymer matrix acts as lightweight binder and 
distributes external load to the fibers [2].  In addition to increasing the rigidity of the 
polymer matrix, the particles are added to modify rheology to aid in processing [4, 5].   
The history of composite materials spans several thousand years.  Man-made 
composites can be traced to 5000 B.C. in the Middle East, where pitch was used as a 
binder for reeds to make boats [6].  This concept migrated from the Middle East to the 
Celts in Wales.  Evidence of laminated woods dating to 1500 B.C. was found on the 
island of Thebes, Greece.  Mongolian bows, which consisted of wood, animal tendon, 
and silk laminates are examples of composites with multi-components.  Laminated 
woods using shellac resin have been used in India for at least 3000 years [2].   
The use of nanotechnology in composites is also found in history.  Roman 
architects and engineers were able to construct impressive buildings using limestone, 
gravel, and pozzolan, which is the naturally occurring version of fly ash [7].  This 
concrete formulation was the building block of bridges, coliseums, and aquaducts [7, 8].  
The Roman concrete would “set” under water and thereby facilitated construction of 
wharves and docks.  Nanoparticles provided color to glasses used in elaborate stemware 
and intricate stained glasses [9].  By incorporating metal nanoparticles in glass, light was 
absorbed but not scattered.  The optical properties of these composites are a function of 
the particle size, thereby producing glasses of various colors.  Some of the earliest 
evidences of this application are the formulations left by A. Cassius and A. Libavius 
from the 16th century.  Unbeknownst to them and the Romans, they were fabricating 
nanocomposites.    
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Mechanical composite materials continue to be an integral part of our daily lives.  
Composites have a wide range of applications, from sports equipment to transportation 
vehicles.  Composites make it possible for tennis rackets, kayaks, boats, and many other 
recreational sports equipment to be both lightweight and strong [1, 2].  They are found 
in aircraft components, ranging from the seat frames to sections of the wings [10, 11].  
The rotor blades of helicopters are made of composite because they have much greater 
tolerance for fatigue than metals .  Automobile tires are made of rubber reinforced with 
steel thread to extend life and to increase performance at high speeds.   
Historic and more contemporary examples of composite materials appear to 
favor mechanical properties for applications.  However with the application of electrical, 
thermal, magnetic, and optical properties in our everyday lives, nonmechanical 
composites have also become important [12].  These materials are not as apparent to the 
everyday user since they may be encased in protective packaging, but they provide 
essential functions in many systems, such as personal computers.  Several examples of 










Table 1-1.  Examples of composites with transport properties [12]. 
 Composites Applications 
Electronic 
composites 
Carbon black/graphite/polybutadiene rubber 
LiI or AgI matrix dispersed with Al2O3 
Metallic particles dispersed in paint 
Chemical sensors 





composites P-Magnets (elastomer and magnetic particles)





Carbon black or V2O3 and polymer (e.g. 
epoxy) 
Clay (silicate), Al2O3⋅3H2O, or Na2CO3 and 
polymer 
NTC and PTC thermistors
Flame retardant material 
Optical 
composites 
J-sheet (polyvinyl alcohol and iodine ink) 
Nanoparticles dispersed in passive medium  












  There are three main challenges for successful fabrication of a composite.  One 
challenge is to understand the amount of each constituent that is required to achieve a 
composite with the targeted properties.  To meet that goal, models are derived from first 
principles and/or empirical data and are invoked to establish a relationship between filler 
volume fraction and the desired composite property.  A well-characterized composite 
system will have a guideline such as that shown in Figure 1-2, where the properties of 
the composite, Pc,1 and Pc,2, are mapped out with the volume fraction of the matrix and 
filler, Vm and Vf, respectively.  The second challenge involves fabrication and 
formulation, where the engineer must resolve bonding or wetting incompatibilities 
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between the surface of filler and matrix.  This interface can be weak points and cause 
undesirable effects such as in the case of mechanical failure [3].  Additives such as 
stearic acids and coupling agents may be incorporated during formulation to improve 
dispersion of filler in a matrix and adhesion between matrix and filler, respectively [3].  
The interfacial areas of different constituents plays an increasingly significant role as the 
size of the fillers approach the nanoscale [13, 14].  The third technical challenge is the 
development of a process that refines fabrication of the composite to achieve minimal 
defects.  Defects such as voids and large agglomerates of fillers can negatively impact 
the mechanical and nonmechanical properties of the composites [13, 15].  Therefore, it 
is imperative that a process can fabricate composites with optimal microstructure.        
 
 
Figure 1-1.  Schematic of relationship between composite  properties, PC,1 and PC,2, with 









1.2  Multifunctional Materials 
  The emerging fields of nanotechnology and nanoengineering provide a path to 
design and fabricate multifunctional composite materials.  In most cases, the properties 
of a composite are optimized for a single property that is either structural or transport in 
nature, but not a combination of the two.   
The discovery of carbon nanotubes by Iijima and coworkers [16] has influenced 
how material scientists think when developing composite materials.  The modulus of 
carbon nanotubes was measured to be 1.25 TPa [17] and its strength is approximately 30 
GPa [18], making them one of the strongest materials ever measured.   Carbon 
nanotubes have large transport properties with electrical resistivity up to 1x10-4 Ω⋅cm 
[18] (comparable to 304 stainless steel with resistivity of 7.1x10-5 Ω⋅cm [19]) and 
thermal conductivity of 2000 W/mK is far superior to that of copper (400 W/mK) [18].  
Using carbon nanotubes, material scientists can design a composite with a single filler 
material that reinforces the mechanical properties of the matrix and also is the source of 
transport properties.  Table 1-2 was reproduced from Maruyama and Alam [18], and it 
gives a depiction of the potential of carbon nanotubes as the key component in 








Table 1-2.  Multifunctional applications of carbon nanotubes and nanofibers, 
reproduced from Maruyama and Alam [18]. 



















































































































Elastomers Tires •   •    •   
Chip 
Package    •    •   
Thermoplastics 
Electronics/ 
Housing •     • • •   
Epoxy 




















 • •        
Radiators •       • •  
Heat 















EMI Shield •     •     
 
 
 Multifunctional materials can be categorized into three different morphologies, 
represented schematically in Figure 1-2 [20].  In Type I, the distinct phases are mounted, 
coated, or laminated on top of another.  The heterogeneity is most obvious in this 
construction since the scale of the components is large.  In Type II, the phases are more 
integrated but the phases are still distinct.  The goal is to achieve a multifunctional 
material of Type III, where the phases and functions are integrated from the molecular 
level and they are not distinct at the bulk level.  Composites that consist of a matrix and 
reinforcing filler (e.g. fibers, fabrics, or particles) would be categorized under Type II.        
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Nanocomposites, such as those using carbon nanotubes as fillers, fall between Type II 
and Type III.  Although they are composed of a separate matrix and filler, as in Type II  
materials, the fillers are small enough that heterogeneity is dependent on the length scale 
sensitivity of a characterization method.  In some characterization methods, 
nanocomposites are viewed as a homogeneous material that is desired for Type III.   
 
 
Figure 1-2.  Cross section of the three types of multifunctional materials,  
reproduced from Momoda [20].   
 
The development of multifunctional materials is also motivated by a need to 
reduce parasitic weight of a material system.  This is especially important in aircraft and 
aerospace applications where weight reduction can have a huge impact in operational 
cost [11].  As an example, a simplistic view for making an aerospace vehicle invisible to 
radar is to apply a layer of paint over the outside of the body [21].  The additional layer 
of material on the plane causes the total weight of the plane to increase, and this results 
in increased fuel consumption and the requirement for a larger engine.  Consider the 
effect of weight on fuel consumption for a DC-18.  That plane would save 2900 liters of 
fuel per year for every kilogram of weight that is reduced [11].  Therefore, our invisible 
airplane might benefit from a structural material that can inherently shield itself from 
electromagnetic waves and eliminate that extra layer of paint.  If the functionalities 
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could be integrated on a molecular level (Type III multifunctional material), problems 
due to incompatibility between phases (e.g. adhesion) may be circumvented altogether.    
Efforts to integrate multifunctional materials into systems have been advanced 
by Christodolou and coworkers of the Defense Advanced Research Projects Agency 
(DARPA) [22].  One of the projects within this comprehensive program is to use carbon 
nanotubes as actuators and supercapacitors that can be woven into fabric [22].  Another 
material system that has already demonstrated some success is to integrate structural 
properties into the battery of an unmanned air vehicle (UAV) [20, 23].  The 
multifunctional battery would be considered a Type I, but even at this level of 
integration and using existing battery technology, the weight of the UAV was reduced 
and its flight time was increased by 10% [23], which is a significant improvement.  In 
summary, the benefits of integrating different functions within a single material are just 
beginning to be realized. 
 
1.3  Scope of Research and Objectives 
The paradigm of multifunctional material was adopted here to develop a 
lightweight multifunctional material (LMM) with specified mechanical, electrical, and 
magnetic properties.  Particulate-filled polymer composites are the subject of this study.  
Magnetite (Fe3O4) particles were used as the reinforcing phase embedded inside the 
polymer matrix, e.g. epoxy resin.  Among iron oxides, magnetite is unique because it 
has the highest saturation magnetization (92-100 emu/g) [24] and an unusually low bulk 
resistivity (1.068 x 10-2 Ω⋅cm) [25].  Magnetite has the potential to provide the desired 
magnetic, electrical, and mechanical properties to the final composite.  It is expected that 
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the reinforcing effect of nano-sized fillers will be noticeable at lower volume fractions 
than their micron-sized counterparts [13] .   Several publications have reported that the 
electrical and magnetic properties of nanoparticles are dependent on their size [26-30].  
This size dependence can be leveraged to adjust the electrical, magnetic, and mechanical 
properties of the composite without changing the filler content and/or type.  There is 
great potential in using magnetite (nano)particles as fillers in a composite – not only 
from the multifunctional aspect but also from the ability to adjust the magnetic, 
electrical, and mechanical properties of a composite by changing the filler size.  Filler 
content modification further expands the design space.     
Coating Fe3O4 and other inorganic particles with a conductive polymer, such as 
polypyrrole (PPy), has been reported in literature [31-35].  Magnetite is relatively stable 
in atmospheric conditions, but the surface of the particles is susceptible to oxidation.  
This process forms maghemite (γ-Fe2O3), which has a higher resistivity than magnetite 
[24].  Conductive polymers are not known for their mechanical properties, so they are 
often supported on a substrate, e.g. particles [36].  With this method, conductivity of the 
composite may be increased without having to change the volume fraction of Fe3O4 
fillers and consequently the weight penalty will be minimal.  It is also a way to decouple 
magnetic and electrical properties and allows for a wider range and flexibility in 
controlling those properties.   
We have discussed using three components to fabricate a multifunctional 
material and different means of controlling the properties of composites.  Epoxy resin 
was used as the matrix material, Fe3O4 particles and polypyrrole as the fillers.  Table 1-3 
lists how each component contributes to the multifunctionality of the final composite 
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and its attributes.  Figure 1-3 illustrates the cross section of the two composite systems 
that were investigated in this work: 1) nanocomposites with mechanical and magnetic 
properties and 2) composite with mechanical, magnetic, and conductive properties.  For 
each composite system, the mechanical and transport properties were characterized at 
different filler levels.  Most work on composites usually concentrates on either 
mechanical or transport properties, but the study here evaluated both sets.   
 
Table 1-3.  List of components in the proposed multifunctional composites and their 
contributing properties. 
 






matrix •   Lightweight 
Fe3O4 
filler • • • 
High Ms and low resistivity 
Ms = f (nanoparticle size) 
PPy 
coating   • 
Lightweight 





Figure 1-3.  Proposed multifunctional composites. 
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Micron- and nanoscale Fe3O4 particles were used as fillers in Composite 1.  In 
this system, the magnetic property was contributed by the Fe3O4 particles and the 
mechanical property was provided by the polymer matrix and was further reinforced by 
the particles.  The first objective was to fabricate composite samples at different particle 
loadings and using particles of different sizes (5 µm, 25 nm, 12 nm, and 7 nm).  
Nanoparticles have a tendency to agglomerate together, so a secondary objective was to 
stabilize the surface of the nanoparticles using a surfactant and to maximize their 
dispersion in epoxy.  The magnetic and mechanical properties of the composites were 
measured and then the effects of filler level and size on the properties were evaluated.   
In Composite 2, micron-sized Fe3O4 particles were the filler that provides both 
mechanical and magnetic properties.  Polypyrrole coating on the particles tuned the 
surface conductivity of Fe3O4 particles.  The first objective was to coat Fe3O4 particles 
with polypyrrole making them both magnetic and conductive.  The next objective was to 
fabricate composite samples using Fe3O4/PPy as fillers at different volume fractions and 
then measure their mechanical and transport properties as described for Composite 1.   
In summary, this research work explored different means of controlling the 
properties of a multifunctional composite.  One way was to take advantage of the 
property differences between micron- and nano-sized materials.  Another way was to 
augment the properties of the fillers with a coating, allowing for increased functionality 
but without the weight increase that is normally associated with additional fillers.  The 
study of these two composite systems may lead to further development of 
multifunctional (nano)composites for applications that require some combination of 
magnetic, conductive, and mechanical properties.  Some of these applications include 
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electromagnetic interference (EMI) shields [37], radio frequency (RF) isolating material 
and possibly a medium for targeted drug delivery [38].   
 
1.4  Overview of Upcoming Chapters 
Before presenting the results and analysis of the experimental data, a background 
on magnetite and superparamagnetism will be presented in Chapter 2.  Fe3O4 
nanoparticles with diameter less than 20 nm are not readily available, and therefore they 
must be synthesized in-house, thus Chapter 3 will present the results of the method used 
to synthesis and characterize magnetite nanoparticles.  A discussion on the relationship 
between particle size and magnetic properties will be included in that section.  In 
Chapter 4, the fabrication of nanocomposites using the particles synthesized in Chapter 
3 will be discussed, as will their characteristics.  The properties of nanocomposites with 
average filler sizes of 25 nm, 12 nm, and 7 nm were measured and compared with 
composites reinforced with micron-sized fillers.  Fabrication and characterization of 
composites with magnetic, conductive, and mechanical properties will be reported in 
Chapter 5.  A portion of this chapter will cover the process for coating Fe3O4 particles 
with polypyrrole.  In Chapter 6, the results of the research work will be summarized and 
recommendations for future work will be presented. 
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BACKGROUND ON MAGNETITE AND SUPERPARAMAGNETISM 
 
2.1  Magnetite 
 Magnetite (Fe3O4) is a naturally occurring mineral and is the first magnetic 
material known to man [1]. Magnetite’s ability to point along the north-south direction 
was known as early as the 4th century in China [2].   By the 12th century, the Chinese 
were using magnetite to make compasses.  Today magnetite is commonly found in 
igneous, metamorphic, and sedimentary rocks [3].  In June 2005, large deposits of sand 
that contains 10% of magnetite was found in the dunes of Peru.  Magnetite is also found 
in living organisms, such as bacteria (Aquaspirillum magnetotacticum), bees, termites, 
and pigeons.  The presence of this magnetic mineral provides the organisms with innate 
navigation capability.  A picture of magnetite in its natural form is shown in Figure 2-1.  
  
 
Figure 2-1.  Picture of natural magnetite from Kola Peninsula, Russia , from [3] 
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 Magnetite belongs to a family of magnetic ceramics called ferrites with a general 
formula of MO⋅Fe2O3, where M = Fe, Ni, Co, Mn, or Cu [4].  Ferrites have either the 
normal spinel or inverse spinel structure, but in both cases 8 tetrahedral and 16 
octahedral sites are occupied.  A schematic of a general ferrite crystal structure is shown 
in Figure 2-2. In a normal spinel structure, the trivalent ions occupy the octahedral sites 
while the divalent ions reside in the tetrahedral sites.  In the inverse spinel structure, the 
divalent ions are in the octahedral positions with eight trivalent ions and the remaining 
trivalent ions are found in the tetrahedral sites.  Table 2-1 summarizes the distribution of 
metal ions in both structures.  Intermediates between the two types of spinel are also 
possible [5].   
 
 
Figure 2-2.  Crystal structure of ferrite, from Cullity [5] 
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Sites Normal Spinel Inverse Spinel 
Tetrahedral 
(A) 64 8 8 M
2+ 8 Fe3+ 
Octahedral 





Magnetite has the inverse spinel crystal structure with a face-centered cubic 
(FCC) lattice and 8 formula units per unit cell.  For magnetite, Fe(III) resides in the 
tetrahedral and half of the octahedral sites and Fe(II) occupies the remaining octahedral 
sites.  Because Fe(III) ions are found in both the octahedral and tetrahedral sites, they 
provide a path for electron transfer and magnetite has an unusually low bulk resistivity 
for ceramics [4].   
Magnetite is a ferrimagnetic material [5].  The spins of cations in octahedral and 
tetrahedral sites oppose one another, but there is a still a net magnetic moment.  Each 
magnetite molecule has a net moment of 4 µB (Bohr magneton) [4, 5].  Figure 2-3 is a 
schematic of the spin configuration in a magnetite molecule.  Similar to ferromagnets, 
ferrimagnetic materials undergo a transition to paramagnetic behavior at Curie 
temperature (Tc) – which for magnetite occurs at 850K.  Magnetite has an additional 
transition temperature at 118 K called the Verwey temperature [1, 6].  Below this 
temperature, the ions in the octahedral sites are ordered and the resistivity of magnetite 
increases [6].  The structure of magnetite changes to the triclinic structure and detection 
of the Verwey temperature is often used to distinguish magnetite from other iron oxides. 
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Figure 2-3.  Spin arrangement in a Fe3O4 molecule (net spins are in red). 
 
 Magnetite has a wide range of applications, such as in magnetic storage media, 
paint pigment, and copier/printer toner [7, 8].  These applications typically use 
magnetite in the form of particles.  The interest level on magnetite particles has 
increased recently as nanomaterials and their potential impact on technology 
advancement is being realized.  Superparamagnetic particles are compatible for 
bioapplications, for example as MRI contrast agents, medium for targeted drug delivery, 
and protein-specific taggers [9].   In this thesis, magnetite nanoparticles will be used as 
fillers to make multifunctional composites.  Further discussion on superparamagnetism 
will be presented in the next section.   
 
2.2   Magnetism in Nanoparticles:  Superparamagnetism 
 When the diameter of magnetic nanoparticles is small enough, each particle is a 
single magnetic domain.  Consequently, the alignment of spins under applied field is no 
longer impeded by domain walls.  Further reduction in particle size allows for thermal 
vibrations to randomly fluctuate the net spins and the domains are considered unstable.  
Since the particles’ net spins are randomly oriented, they cancel one another and the net 
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moment of the collective particles is zero.  If a magnetic field is applied, the particles 
will align producing a net moment.  This behavior is characteristic of paramagnetic 
materials, but the difference is that each molecule has a large net moment, e.g. 4 µB per 
molecule of Fe3O4.  Thus, Bean coined the term superparamagnetism in 1959 [5]. 
 Superparamagnetic magnetite nanoparticles are useful for the applications 
described above.  In low concentrations, magnetite does not present toxicity risks for 
humans [10].  One potential bioapplication is to coat the surface of Fe3O4 nanoparticles 
with a specific drug, which then can be given to the patient intravenously.  A magnet 
may be used to direct the particles to the specific area of the body requiring the 
treatment.  This can potentially increase the efficiency of the drug therapy.   As fillers in 
composites, they can improve the modulus of the matrix and provide additional 
functionality such as electromagnetic interference (EMI) shielding.   
 There are two characteristic behaviors of superparamagnetism [5]: 1) 
magnetization curves, i.e. magnetization vs. applied field, do not change with 
temperature and 2) no hysteresis is observed, i.e. coercivity, Hc = 0.  For nanoparticles to 
exhibit superparamagnetism, they must be small enough that each particle is a single 
domain and the energy barrier for spin reversal is easily overcome by thermal vibrations.  
Magnetic particles generally become single domain when they are less than 100 nm, and 
this limit is a function of the material properties [11].  Morrish and Yu determined that 
Fe3O4 particles are single domains when the diameter is 50 nm or less [12].  As the 
particle size decreases, the coercivity decreases until it reaches Hc = 0.  At this critical 
particle size, the particles are superparamagnetic.  The change in coercivity with particle 




Figure 2-4.  Schematic of changes in Hc with particle diameter, from Cullity [5]. 
 
Superparamagnetism behavior is observed in particle sizes that meet the 




≤      (2-1) 
where Vp is the volume of the particle, k is Boltzman’s constant, T is temperature, and K 
is the anisotropy constant.  In other words, if the energy barrier, ∆E = KVp, is greater 
than 25kT, the net spin within each particle cannot fluctuate randomly from thermal 
vibrations and they are considered stable (as in Figure 2-4).  Particles that are 
superparamagnetic at room temperature can become stable when the temperature is 
lowered according to Equation 2-1.  This temperature is called the blocking temperature, 
TB.  
23 
 Prediction of the critical particle size for onset of superparamagnetism is highly 
dependent on the accuracy of anisotropy constant, K.  The anisotropy constant of 
nanoparticles is a contribution of different types:  crystal, shape, interaction, and surface 
anisotropies.   Crystal anisotropy is intrinsic to the material, while the others are induced 
or extrinsic.  In a crystal, there is a preferred magnetization direction called the easy 
axis. If the applied field does not align with direction of the easy axis, the crystal 
anisotropy resists the domains from rotating and aligning with the field.  As a result, 
higher fields must be applied to make all of the domains align.  Shape anisotropy applies 
when the particles are not spherical, with the preferred alignment along the long axis of 
the particle.  Exchange anisotropy is observed in small particles when they are in close 
contact, such as in clusters [13].  Its existence should be noted since it can change the 
anisotropy contribution of each particle.  Surface anisotropy can contribute significantly 
to the overall anisotropy of nanoparticles [13, 14].  Its effect is caused by the existence 
of a magnetically dead layer, spin canting, and presence of disorder and defects on the 
surface layer [13].  The overall anisotropy energy, EA, of a spherical nanoparticle is 
given by the following equation: 
surfacerxnpcA EEVKE ++= int
2sin θ    (2-2) 
where Kc is the crystal anisotropy constant, Eintrxn is the contribution of interaction 
between particles, and D is the particle diameter. 
 Goya and coworkers estimated the effective anisotropy constant, K, of magnetite 
nanoparticles [14] and have accounted for bulk and surface contributions.    Due to the 
surface effects, the anisotropy constant was increased from 1.1 x 104 erg/cm3 to 3.9 x 
104 erg/cm3.  Applying Equation (2-1) the critical diameter for superparamagnetism is 
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18.5 nm for Fe3O4.  McNab et al. found that the anisotropy constant for magnetite 
nanoparticles in the size range of 10 to 20 nm is between 6.0  x 104 erg/cm3 to 8.0  x 104 
erg/cm3 [15].  Using their values, the predicted critical diameter is 14.5 to 16 nm.   
In Chapter 3, we will present the synthesis and characterization of magnetite 
nanoparticles with diameters that range from 5 nm to 12 nm.  Therefore, we can expect 
to observe superparamagnetic properties in those particles.  The synthesized Fe3O4 
nanoparticles were used as fillers in composites, and analysis of their (mechanical and 
electromagnetic) properties will be discussed in Chapter 4.   
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SYNTHESIS AND CHARACTERIZATION  
OF FE3O4 (MAGNETITE) NANOPARTICLES 
 
3.1  Introduction 
 Magnetite nanoparticles with diameters less than 20 nm are not readily available 
in large amounts or at reasonable cost.  One of the main goals of this research is to 
fabricate and characterize lightweight multifunctional nanocomposites.  The series of 
characterization tests require a substantial number of specimens, and consequently a 
significant supply of nanoparticles was essential for this work.  This chapter will present 
the methods used to synthesize and characterize the magnetite nanoparticles that will be 
used as fillers for nanocomposites to be presented in Chapter 4. 
 The chapter will begin with a discussion on background and theory of metal 
oxide particle formation in solution.  A literature survey will be presented of the 
common methods used to synthesize nanoparticles, and will be followed by a more 
focused survey on chemical coprecipitation.  This information will be used to derive the 
process variables that control particle size and therefore must be adjusted to synthesize 
superparamagnetic Fe3O4 nanoparticles.  
 
3.2  Synthesis of Metal Oxide Particles in Solution 
The thermodynamics requirement for the precipitation of a solid phase is that the 
product of the reactants’ activities is greater than the solubility of the solid phase.  This 
condition is achieved when the solution exceeds a critical level of supersaturation [1, 2].  
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In the formation of magnetite nanoparticles, the product of ferric and ferrous ions’ 
activities must be greater than the solubility of Fe3O4 and those conditions are attained at 
elevated temperature and high pH level.  The precipitation of solid phase relieves the 
level of supersaturation in solution.   
As shown in Figure 3-1, there are three pathways for the formation of small 
particles in solution [2].  In the first path, particles nucleate and then grow by diffusion.  
The distinct separation of the nucleation and growth processes results in the production 
of monodisperse particles.  This pathway was first proposed by Lamer and Dinegar to 
explain the formation of sulfur particles [3].  In the second pathway, primary particles 
form during nucleation and then assemble into aggregates.  In the third pathway, 
nucleation and growth stages are not distinct and result in polydisperse particles [2].  
However, if Ostwald ripening occurs during the aging of the particles, the smaller 
particles preferentially dissolve and larger particles will grow at their expense until all 
particles reach an equilibrium size [2].   
 
Figure 3-1.   Three possible pathways for particle formation,  
reproduced from Tartaj et al. [2]. 
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Currently there are three main methods for synthesizing metal oxide (e.g. 
magnetite and other ferrites) nanoparticles in solution:  chemical coprecipitation [4-6], 
microemulsion [7-11], and decomposition of metal organic salts [12-16].  
Coprecipitation is the least expensive and the simplest approach for making 
nanoparticles.  For example, inexpensive iron salts may be mixed with a precipitating 
agent such as NaOH to form nanoparticles of iron oxides.  In coprecipitation, the 
nucleation and growth steps overlap as described in the third pathway, but the particles 
are usually harvested in the time period before Ostwald ripening fully takes into effect. 
 In microemulsion, surfactants are used to physically restrict the growth of 
particles, but the reactants are usually the same as in coprecipitation.  Because 
surfactants are ampiphilic, they are compatible in organic and aqueous media and 
consequently microemulsion reactions can take place in both media too.  At a critical 
concentration, surfactants rearrange themselves into three dimensional structures 
(spheres, cylinders, or bilayers) in order to achieve thermodynamic equilibirium with 
their surroundings [17].  Spherical structures, i.e. spherical micelles, are of particular 
interest for nanoparticle synthesis because the formation of particles is confined within 
the micelles and their growth is limited; the micelles essentially act as microreactors 
[18].  By controlling the water content, type of solvent, and concentration of surfactant 
in solution, one can change the dimension of the spherical micelles and ultimately the 
particle size [18].  This method is also quite versatile, but the particles may have 
significant amounts of surfactant remaining on their surface.  Microemulsion reactions 
require much larger reaction volume than chemical coprecipitation for equivalent levels 
of productivity. 
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Thermal decomposition of organic precursors is the method of choice when 
monodispersity is required.  This method uses metal organic precursors such as metal 
acetylacetonates (e.g. iron (III), manganese (II), cobalt (II)) [13, 14, 16] and metal fatty 
acid salts (e.g. iron (II) and (III), cobalt (II), manganese (II), nickel (II), zinc (II) 
stearate) [15].  These precursors are decomposed in an organic medium at temperatures 
(200°C to 340°C) much higher than the coprecipitation reaction temperature [13, 15]. 
Consensus suggests that the monodispersity of particles is due to distinct steps of 
nucleation and growth, and recently published data by Hyeon et al. support that theory 
[12].  Although this procedure can yield uniform nanoparticles with diameters that range 
from 3 nm to 16 nm, process scale-up is challenging due to the extreme temperature 
requirements.   A TEM image of 6 nm particles that illustrates the monodispersity of 
particles formed from a decomposition reaction is shown in Figure 3-2.   
 
 
Figure 3-2.  TEM image of 6 nm Fe3O4 particles synthesized by decomposition of iron 





3.3  Synthesis of Fe3O4 (Magnetite) Nanoparticles by Chemical Coprecipitation 
Chemical coprecipitation was selected as the method to synthesize nanoparticles 
for this study.  This method produces nanoparticles in large quantities (order of grams) 
in a relatively short amount of time and utilizes inexpensive and readily available 
chemicals as precursors.  These two advantages are important in the fabrication of 
nanocomposites whose potential applications will require a specimen mass of tens of 
grams.  A sample with filler loading of approximately 5 volume% requires a few grams 
of nanoparticles.  Since samples with higher volume fractions were desired, the demand 
for nanoparticles increased very quickly. 
Although coprecipitation was first reported in 1925 by Welo and Baudisch, who 
studied phase transformation of iron oxide with temperature [19], the work by Massart 
[4] is most cited by contemporary research groups.  The main purpose of early research 
work involving coprecipitation was to study the magnetic behavior in single domain 
structures [20-22], but current studies on synthesized magnetic nanoparticles are focused 
on potential applications and improving the quality of the nanoparticles (i.e. 
monodispersity and crystallinity).   
The versatility and simplicity of coprecipitation has made it one of the preferred 
techniques to produce nanoparticles.  The same procedure is used to synthesize other 
types of ferrites, such as MnFe2O4 and CoFe2O4, by simply changing the metal salt 
precursors [23-27].  Nanoparticles produced by coprecipitation are usually polydisperse, 
but generally spherical in shape.  However, depending on the reaction conditions, some 
groups have reported faceted geometries, (e.g. cubic particles) [28].   
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 The coprecipitation reaction to form magnetite is described simply by the 
following equation [24, 28]: 
Fe2+ + 2Fe3+ + 8OH- → Fe3O4 + 4H2O   (3-1) 
Ferrous ions are easily oxidized, and the products may deviate from the desired 
stoichiometric ratio of ferric to ferrous ions.  Therefore precipitation is performed under 
inert atmosphere to avoid side products, which will affect the purity of the final product.  
Examples of side reactions and their products are [29]: 
Fe3O4 + 0.25O2 + 4.5H2O → 3Fe(OH)3   (3-2) 
2Fe3O4 + 1/2O2 → 3Fe2O3     (3-3) 
In coprecipitation, ferric and ferrous salts are dissolved in an aqueous solution 
and undergo accelerated hydrolysis to produce particles of iron oxides with single 
domain structures.  A number of studies have been conducted over the years on the 
hydrolysis of ferric and ferrous ions to form different phases of iron oxides/hydroxides.  
The objectives of these studies were to determine the phases that form at different 
process conditions and to understand the mechanisms for their formation.  The 
morphology of the product was discussed but was not the main focus of these studies.  
There are many different phases of iron oxides and oxyhdroxides that are possible and 
the final phases are highly dependent on the process variables [30-35].  The results of 
these studies indicate that the formation of iron oxides and hydroxides are dependent on 
temperature, pH, and type of anions used in the reaction.  The sizes of particles in this 
study are larger, on the order of tens to hundreds of nanometers.  Nevertheless, they will 
provide background information for the formation of magnetite nanoparticles by 
chemical coprecipitation.   
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In aqueous conditions, ferric and ferrous salts are known to dissociate and then 
form hexa-aquo (hydrated) ions [36]: 
FeCl3 + 6 H2O → Fe(H2O)63+ + 3Cl-    (3-4) 
FeCl2 + 6 H2O → Fe(H2O)62+ + 2Cl-    (3-5) 
Under favorable conditions of high pH and elevated temperature (≥ 60°C), the hexa-
aquo ions hydrolyze and form polynuclear complexes [36-38].  Hydrolysis reactions of 
various metal salts are well studied, including Al3+, Ti4+, Zr4+, Cr3+, Y3+, Ce4+, Zn2+, and 
Ga3+  [37].  Most metal ions tend to form strong bonds with oxygen and hydroxyl ion 
ligands, including Fe2+ and Fe3+.   Generally, metal cations with higher valency 
undergo hydrolysis more readily [37], therefore ferric ions hydrolyze more readily than 
ferrous ions.    
A simple hydrolysis reaction is described by the following equation [37], where 
z is the valency of the ion and n is the number of sequence of hydrolysis steps. 
Fe(H2O)6z+ + H2O → Fe(H2O)(6-n)(OH)n(z-n)+ + H3O+   (3-6) 
The possible products from hydrolysis of both ferric and ferrous ions are listed in Table 
3-1.  A more general hydrolysis reaction is described by Equation (3-7) that accounts for 
formation of dimers and trimers listed in Table 3-1.  In this equation, the water ligands 
have been omitted for clarity. 
mFe(H2O)6z+ + xH2O → Fem(H2O)y(OH)(nm-y)(zm-y)+ + xH3O+ (3-7) 
Figure 3-3 summarizes metal complex formation as a function of pH and valency.  
Metal ions with valency of +2 and +3 form hydroxo complexes under basic conditions.  
For example, both Fe(OH)4- and Fe(OH)3- are the dominant hydrolysis products at pH 
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12-14 for ferric and ferrous ions, respectively.  Only Fe(OH)3 exists in both acidic and 
basic conditions [36]. 
  
Table 3-1.  Products of hydrolysis reactions [37]. 








Figure 3-3.  Dependence of metal complex with pH and its valency,  
from Otterstedt and Brandredth [37]. 
 
The products of hydrolysis assemble into polynuclear complexes by olation or 









to form small particles of iron oxides or hydroxides [37].    The pH level plays a major 
role in determining the dominant condensation reactions that occurs between hydrolysis 
products [37].  In olation reactions, metal atoms are bridged together by hydroxyl groups 
to form polynuclear complexes and water as the byproduct [37].  A schematic of the 
reaction is shown in the following figure: 
 
Figure 3-4.  Olation reactions to form polynuclear complexes,  
from Otterstedt and Brandredth [37] 
 
Some of the hydroxy bridges formed by olation mechanism are unstable and can result 
in particles of the composition MOx/2(OH)(z-x), e.g. FeOOH [37], such as shown below: 
 
Figure 3-5.  Oxolation reaction from an unstable hydroxyl bridge,  
from Otterstedt and Brandredth [37]. 
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The oxolation reactions take place in a wider range of pH, and the end result of this type 
of assembling process is the precipitation of small particles of metal oxides, as shown in 
Figure 3-6, e.g. Fe2O3 and Fe3O4 where M is Fe 
 
Figure 3-6.  Oxolation reaction, from Otterstedt and Brandredth [37] 
 
 Misawa et al. [30, 39] characterized the polynuclear complexes that precede the 
formation of  iron oxides and oxyhydroxide and clarified the structures of the 
polynuclear complexes and their roles as intermediates.  Three different reactions that 
produce Fe3O4 were discussed, and the one that pertains to coprecipitation is of a 
solution containing Fe2+ and Fe3+.  When base is added into the solution, a dark red 
complex, [Fe(II)Fe(III)2Ox(OH)2(3-x)] +mm
2 , is formed and its reaction is shown below. 
 
mFe2+ + 2mFe3+ + 6mOH- → [Fe(II)Fe(III)2Ox(OH)2(3-x)] +mm
2  + mxH2O  (3-8) 
 
The complex has the same ratio of ferric to ferrous ions as in magnetite.  Subsequently, 
the dark red complex will begin to precipitate out into fine black particles of Fe3O4 when 
more OH- ions are added and the pH of the solution is at least 7.2, which is consistent 
with the alkaline conditions required for chemical coprecipitation [5]. 
A study that focused on the synthesis and morphology of Fe3O4 particles is by 
Regazzoni et al. [40].  That study found that temperature, type of anion, degree of 
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heterogeneity during alkalinization, stirring of the solution, and time of aging played 
significant roles in control of morphology.  Furthermore, they determined that methods 
starting with ferrous hydroxide generally gave rise to polydisperse particles.   
Systematic studies on chemical coprecipitation for the production of 
nanoparticles are not well documented.  Most of the studies on chemical coprecipitation 
and Fe3O4 nanoparticles (less than 20nm) only focused on one variable or described one 
process condition yielding particles with a certain set of properties.  The work here will 
present a more comprehensive and systematic study on chemical coprecipitation.   
Some information can be collected from a survey of published results on the 
different ways process conditions are used to control the size of Fe3O4 particles.  Table 
3-2 summarizes the results of the survey.  The most common iron salts used in chemical 
coprecipitation are FeCl2 and FeCl3.  However, there are several groups who selected 
ferric nitrate and ferrous sulfate in place of FeCl3 and FeCl2, respectively.  The majority 
of the groups used NaOH or NH4OH as the precipitating agent, but some used 
tetramethylammonium hydroxide (N(CH3)4OH or TMAOH) because it can prevent the 
particles from agglomerating.  Reaction temperatures range from room temperature to 






















FeCl2 FeCl3 NaOH RT and 80°C 
6 nm and 
12nm [29] Kim  
FeCl2 FeCl3 NH4OH RT 12nm [4] Massart 
FeCl2 FeCl3 NH4OH 80°C 3-15nm [41] Fried 
FeCl2 FeCl3 NaOH Not listed 8.5 nm [5] Kang 
FeCl2 Fe(NO3)3 NaOH 88°C 7nm [6] Gee 









FeCl2 FeCl3 NH4OH RT 3-11 nm [44] Qu 
FeCl2 FeCl3 NH4OH 30-90°C 8.4-51nm [28] Liu 
FeSO4 FeCl3 NaOH Heated 11.8nm [45] Hong 










The literature survey on chemical coprecipitation has shown that temperature 
was a major factor in controlling particle size, where the increased reaction temperature 
led to larger particle size [28, 29].   This may be an indication that the particle growth is 
diffusion limited.  Studies on hydrolysis of ferric and ferrous ions indicate that both pH 
and temperature may be significant factors.  However, the impact of pH was not 
consistent since some studies showed that particle size decreases with increasing pH 
level [4], but may increase it under some conditions [38].   
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3.4  Chapter Objectives and Overview 
It is apparent that magnetite may be synthesized using chemical coprecipitation 
at a wide range of conditions, as reported by many groups.  However, published work on 
systematic studies to vary the size of Fe3O4 nanoparticles by chemical coprecipitation 
and to measure their corresponding magnetic properties is lacking.  Therefore, the major 
focus of the following research is to identify and to understand the process variables that 
influence magnetite particle size, and to correlate their size to their magnetic properties.  
This task will provide the process recipes for synthesizing nanoparticles to be used as 
fillers in magnetic nanocomposites.   
Nanoparticle qualities on the order of one to two grams will be prepared.  
Magnetization and coercivity measurements of particles at varying diameters will 
formulate a relationship between particle size and magnetic properties.  Available 
published data will be added to reinforce analysis of the functional relationship between 
magnetic properties and particle size.  Furthermore, determination of a size-functional 
relationship will serve the research community at large, since variation of magnetic 
properties with particle size would facilitate the nanoparticles’ use as magnetic taggers 
[47]. 
 
3.5  Experimental 
3.5.1   Design of Experiment 
Based on the data from a literature survey on chemical coprecipitation, the initial 
design of experiment matrix design has three process variables (total iron concentration, 
[Fe2+] + [Fe3+]; pH or [OH-]; and temperature) and two levels (high and low) for each 
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variable.  Using a full factorial design, there are 23 = 8 conditions to be tested.  By 
systematically designing an experiment matrix, the data can be analyzed to identify 
variables that have a significant impact on the targeted response (in this case, particle 
size) and to identify any variable interactions.  Table 3-3 shows the experiment matrix 
and the combination of test conditions that will be conducted.  Data from the initial 
experiment matrix provided guidance for selecting which variables should be tested 
further.  For the process variable that shows a strong influence on particle size, 
additional levels will be studied.  At the end of this study, 25 different combinations of 
chemical coprecipitation processes were completed.  The synthesized particles range in 
size (diameter) from 5 nm to 12 nm. 
 




2+] + [Fe3+] [OH-] Temperature 
1 0.9 M 0.5 M 65°C 
2 1.8 M 0.5 M 65°C 
3 0.9 M 3.0 M 65°C 
4 1.8 M 3.0 M 65°C 
5 0.9 M 0.5 M 95°C 
6 1.8 M 0.5 M 95°C 
7 0.9 M 3.0 M 95°C 





3.5.2   Synthesis of Fe3O4 Nanoparticles 
In a 100 mL 3-neck flask, ferric salt, such as Fe(NO3)3⋅9H20 or FeCl3⋅6H2O, was 
dissolved in 12.5 mL of distilled water to produce a solution with a concentration that is 
specified in the experiment matrix (Table 3-3) and purged with nitrogen for at least 30 
minutes.  Ferrous salts were then added in the form of FeCl2⋅4H20 while the nitrogen 
purge was continued.  In a 500mL 3-neck flask, NaOH was dissolved in 125 mL of 
distilled water to achieve the desired concentration that is listed in Table 3-3.  The basic 
solution was purged with nitrogen and then heated in an oil bath to reaction temperature.  
When the reaction temperature was reached, the solution of iron salts was added 
dropwise into the basic solution.  Black precipitates formed immediately upon addition 
of the iron salt solution.  The reaction solution was mixed vigorously for 30 minutes 
(from where the iron salt was added).  The reaction time was kept constant for this 
study. 
At the end of the 30 minutes, the flask was removed from the heated oil bath.  A 
permanent magnet was used to separate the particles.  The supernatant was decanted and 
the particles were rinsed three times with approximately 150 mL of distilled and 
deoxygenated water.  The particles were rinsed with approximately 100 mL of 0.01M 
HCl to neutralize them.  The particles were filtered, then collected, and were dried in an 






3.5.3 Characterization of Particles  
Transmission Electron Microscope (TEM) 
The transmission electron microscope (TEM) is an essential tool to visually 
analyze nanomaterials.  TEM has the capability to view nanostructures because the 
wavelength of an electron beam can be adjusted to a few hundredth of an angstrom.  The 
wavelength of the electron beam, λ, is a function of its voltage as shown in the following 
equation  [48]:  




=λ     (3-9) 
where Uo is the voltage of the electron beam.  In this work, TEM images were collected 
at magnifications ranging from 100,000X to 190,000X at 100kV (λ = 0.037 Å) using a 
JEOL 100CX II TEM. 
When a sample is inserted in the path of an electron beam, the transmitted beam 
is affected by the sample.  Electrons are scattered when they interact with the specimen 
and the change in beam intensity results in phase contrast, thereby a projection of the 
sample is viewed on the image plane. 
To prepare TEM samples, a drop of solution containing dispersed nanoparticles 
was placed on a TEM grid and then left to dry in air.  The best results were obtained 
using carbon-coated copper grids (200-300 mesh).  Some samples were prepared using 
holey or lacey carbon-coated copper grids, but those grids are best suited for capturing a 
single particle for high-resolution TEM studies.  
A dispersed solution was prepared by first collecting a small amount of 
nanoparticle slurry at the final rinsing step just prior to the filtration step.  
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Approximately 1 mL of that concentrated slurry was added into 25 mL solution of 
0.01M HCl and 1X10-3M sodium dodecylbenzene sulfonic acid (NaDBS), followed by 
sonication for approximately 5 minutes to disperse the nanoparticles. 
 
X-Ray Diffraction (XRD) 
X-Ray diffraction (XRD) is extremely valuable because its data are used to 
determine the sample’s crystallinity, confirm its phase, and measure the average crystal 
size.  The basis of diffraction is Bragg’s law, which describes the condition when 
diffraction occurs in a crystalline material [49]: 
nλx = 2dsinθ      (3-10)   
where λx is the wavelength of the X-ray beam, d is the lattice spacing, θ is the angle of 
the beam with respect to the plane of the lattice, and n is the order of the lattice plane.  In 
other words, when the wavelength of the incoming x-ray is at a specific angle, the rays 
will diffract coherently from the lattice planes and the scattered rays mutually reinforce 
one another producing a signal peak.  This is shown schematically in Figure 3-7. 
 
 
Figure 3-7. Diffraction of x-rays by a crystal, from Cullity [49]. 
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The peaks of an XRD spectrum is governed by atoms in the unit cell while their 
intensity is a function of the structure, Lorentz-polarization, multiplicity, and 








)(2π     (3-11) 
where N is the number of atoms in the unit cell, n represents the identity of the atom, 
(hkl) are the Miller indices of the lattice plane, and uvw are the coordinates of the atoms 


















θ    (3-12) 
where p is the multiplicity factor, the quantity in brackets is the Lorentz-polarization 
factor, and the last quantity is the temperature factor (M is a function of scattering angle, 
θ, and of atom displacement due to thermal vibration). 
The unit cell of Fe3O4 is face-centered cubic (FCC) and the structure of 
magnetite is inverse spinel.  There are eight formula units per unit cell.  The peaks that 
are systematically absent for an FCC structure represent lattice planes with both even 
and odd indices.  Therefore, one can expect only peaks from lattice planes with all even 
or all odd indices in the XRD spectra of Fe3O4 particles. 
X-rays are created when high-speed electrons collide with a metal target causing 
electrons in the target to be excited to a shell of higher energy.  Subsequently an electron 
in a higher energy shell fills the resulting vacancy and releases its residual energy as x-
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rays.  That process is illustrated in Figure 3-8.   K lines are most useful in XRD since the 
longer wavelengths are too easily absorbed by the sample.  Therefore, the energy of the 
electrons aimed at the target must be high enough to displace K electrons out of their 
shells.  X-rays are characteristic of the energy difference between K, L, and M shells, 
thus their wavelengths depend on the target element used to create the X-rays, as shown 
in Table 3-4.   
 
Figure 3-8.  Schematic of x-ray production from electronic transitions.   
 
Table 3-4.  List of characteristic x-ray wavelengths for different targets. 







XRD spectra of the particles were collected on the Phillips PW-1800 
diffractometer, which uses a copper target.  LaB6 was used as a standard to measure the 
inherent peak broadening of the equipment.   
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Vibrating Sample Magnetometer 
A vibrating sample magnetometer (VSM) was used to collect the hysteresis 
behavior of nanoparticles at room temperature.  VSM was developed by Foner in 1959, 
and a schematic of its configuration is shown in Figure 3-9 [50].  The basis of the 
method is that a flux change is induced when a vibrating magnetic sample is placed 
within a uniform magnetic field.  The detection coils measure a voltage, which is 
compared with the voltage of the reference sample.  The difference between the two 
voltages is proportional to the sample’s magnetic moment.    
 
Figure 3-9.  Configuration of a typical VSM, from Cullity [50]. 
 
 A VSM was used to measure the hysteresis of Fe3O4 particles.  The raw data 
collected was of the total moment of the sample.  This value is dependent on sample 
size, but by accounting for the weight of the sample, a set of specific properties was 
obtained.  The magnetic properties of interest are saturation magnetization, Ms, and 




Figure 3-10.  Schematic of magnetic hysteresis data from VSM. 
 
A system by Lakeshore VSM Model 3700 was used for this work.  Two 
measurements were collected for each sample:  1) a high field sweep from ±10,000 
Oersted and 2) a low field sweep from ±1,000 Oersted.  The intent of the high field 
experiment was to measure the saturation magnetization of the samples.  The low field 
measurement was performed to measure the coercive field with a small applied field 
increment to improve resolution of the measurement.  The measurement conditions for 
low field and high field experiments are listed in the table below. 
 
Table 3-5.  Measurement parameters for the VSM. 




Time constant 0.1 0.1 
Time per pt 3 seconds 3 seconds 
Field increment 60 Oe 5 Oe 
Field ramp rate 16.6 Oe/sec 1.66 Oe/sec 
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Particles were pressed into pellets about 5 mm in diameter and between 1 to 2 
mm in thickness so that they can be mounted easily on the VSM sample holder.  
Particles were blended with a commonly used binder, polyvinyl alcohol (PVA), using a 
mortar and pestle.  The pressed pellet consisted of about one-third magnetic particles 
and two-thirds PVA (by weight).  The weight of the magnetic particles was used to 
calculate the specific moment (emu per gram) of each sample.   
The pellet mold was machined from a teflon rod by the GTRI Machine Shop.  A 
Carver Laboratory Press was used to shape the pellet at forces ranging from 2500 – 3000 
lbf, which translates to approximately 97,000 psi (670 Mpa).   
 
3.6  Results and Discussion 
3.6.1 Properties of Nanoparticles 
Morphology and Phase  
TEM provided a method for viewing the shape of the particles and determining 
the particle sizes, however, it was not the primary method.   The TEM used in this study 
is not optimized for high-resolution analysis, i.e. greater than 200,000X, which was 
needed to accurately measure particle size.   Therefore, XRD was used as the primary 
method for which particle size will be determined, and TEM images were used to 
validate XRD data with visual evidence.   
Typical TEM images of the synthesized particles, such as those synthesized 
using condition number 1, Table 3-3, is shown in Figure 3-11.  Particles are spherical 
with diameters that range from 8-11 nm.  Although the particles were dispersed with the 
help of a surfactant and a sonicator, they still had a propensity to agglomerate and this 
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was more apparent when using lacey or holey carbon TEM grids.  Better results were 
usually obtained with carbon grids.  
 









XRD spectra of the synthesized nanoparticles showed distinct peaks, indicative 
of their crystallinity.  Spectra from Samples 1 and 6 of Table 3-3 are shown in Figure 3-
12, which are representative data of the particles synthesized in this study.  There is a 
significant amount of noise in the spectrum, typical of samples containing iron.  Iron 
produces excessive fluorescence when Cu target is used to produce the x-ray beam [51].  
These fluorescence do not contribute to the characteristic peaks but contribute to the 
background level. 
 
















Figure 3-12.  Representative XRD spectra of synthesized Fe3O4 particles.   
 
As shown in Figure 3-12, the peaks correspond with the JCPDS (Joint 











difficult to discern the (222) peak from the (311) peak due to broadening, but there is a 
distinctive shoulder at 2θ ~ 37° indicating that the (311) peak partially overlapped with 
the (222) peak [52], as shown in the spectrum of Sample 6.  The spectra of samples with 
crystallite size smaller than 10 nm, e.g. Sample 1, did not show the (222) peak because 
the broadening of the (311) peak will be larger and will encompass the (222) peak.  
The average crystallite size of the nanoparticles was determined using Scherrer’s 




kt =         (3-13) 
where t = crystallite size, k=0.89, λ = 1.54Å (Cu Kα), θ = peak position, and B = 
effective full width half maximum (FWHM) of peak (440). The (440) peak was selected 
for particle size determination because there would be greater error associated with the 
more intense (311) peak, which overlapped with the (222) peak.   
The effective FWHM of the peak separates the contribution of the broadening 
inherent in the equipment, which was measured using a standard compound, LaB6.  To 
ensure that there would be no other contribution to peak broadening, the standard sample 
was collected at the same conditions as those used for the nanoparticles.  The spectrum 
of the standard compound is shown in Figure 3-13.  The broadening inherent to the 
equipment in the vicinity of the (440) peak, 2θ = 62° to 65°, was measured to be 0.078°.  
An assumption was made that the peaks have a Cauchy distribution and therefore the 
effective FWHM can be determined by simply subtracting 0.078° from the FWHM of 
the (440) peak for each sample.  To verify that there is no residual stress that can 
contribute to peak broadening, a Williamson-Hall curve was plotted for Sample 2 as 
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shown in Figure 3-14.  If there were contribution from stress, the broadening at higher 
angles would be much greater than at lower angles.   
 

















Figure 3-13.  XRD spectrum of standard compound LaB6 collected at the same settings 
as the nanoparticle samples.  
 
 




















Figure 3-14.  Williamson-Hall plot for Sample 2. 
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After calibrating for broadening from the equipment, the crystallite size of 
Samples 1 and 6 was determined to be 8.9 nm and 10.7 nm, respectively.  A comparison 
of the crystallite size with the particle size from TEM images shows that they are 
approximately the same.  Therefore, it can be inferred that the particles are single 
crystals and consequently, XRD data can be used to determine the particle size.  Not 
only does this method provide a better representation of the average particle size than 
counting particles from TEM images, it is also more expedient. 
 
Magnetic Properties  
Magnetic properties of the nanoparticles were measured at room temperature 
using a VSM.  High field conditions were used to assure that saturation magnetization 
was achieved and measured.  Once again, Samples 1 and 6 will be used to illustrate 
typical analysis of the nanoparticles.  The hysteresis curves of both samples are shown 
in Figures 3-15 and 3-16.  For Sample 1, Ms is 49.61 emu/g Fe3O4 and for Sample 6, Ms 
is 54.05 emu/g Fe3O4.  The saturation magnetizations of the nanoparticles are lower than 
the Ms of the bulk phase (Ms is 92-100 emu/g Fe3O4), and the measured decrease is 
consistent with literature [53, 54].  Analysis of the relationship between particle size and 
magnetic properties will be discussed in greater detail in the upcoming sections.   
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Figure 3-15.  Hysteresis of Sample 1, ±10,000Oe. 




























 The low field measurement conditions were used to measure the coercivity of the 
samples.  The hysteresis curve of Sample 1 is representative of nanoparticles with 
diameters less than 10 nm, and shows that its Hc is less than 1 Oersted (Figure 3-17).  
Measurement of a sample known to be superparamagnetic at room temperature 
(provided by Prof. Y.K. Hong of University of Idaho) was conducted on this VSM and 
its coercivity is 1 Oersted.  The observation that Hc only approached zero may be a 
contribution of dipolar interactions between particles, which increases the effective 
anisotropy constant.  Particles were pressed into pellets for VSM measurements, and 
they formed clusters passivated by PVA, but particle interactions within the cluster may 
have contributed to the effective anisotropy constant.  Therefore for this VSM study, 
samples with Hc ≤ 1 will be grouped as Hc ≅ 0.  Since one of the conditions for 
superparamagnetism is for Hc ~ 0, Sample 1 may be considered superparamagnetic.    
The coercivity of Sample 6 is 6 Oersteds (Figure 3-18), but its average particle 
size is less than 20 nm, which should fall below the superparamagnetic size limit at 
room temperature (from Chapter 2).  The TEM images clearly show that the 
nanoparticles are polydisperse, so it is possible that particles larger than 20 nm in 
diameter contributed to the small hysteresis.    Therefore, Sample 6 can be considered to 
be partially superparamagnetic.   
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Figure 3-17.  Hysteresis of Sample 1, ±1,000Oe. 






























3.6.2 Analysis of Experiment Matrix 1 
The size, magnetization, and coercivity of magnetite particles synthesized with 
process conditions listed in the experiment matrix (Table 3-3) were measured and they 
are summarized in Table 3-6.  The analysis was conducted using particle size as the 
response and the assistance of statistical software, Minitab V.14.  The software 
graphically summarized the average responses for each process variable and that is 
presented in Figure 3-15.   A quantitative experiment analysis is an option but that 
would require multiple samples for each process condition, thereby increasing the time 
and cost of the study.  Since the main purpose of the first experiment matrix is to 
identify variables that strongly influences particle size and eliminate those that do not. 
The qualitative approach that was implemented here will suffice.  Furthermore, 
additional experiments were conducted to verify the trends observed from this set of 
experiment.    
The main effects plot in Figure 3-19 qualitatively shows that the total 
concentration of iron had the most influence on particle size: the higher the initial iron 
concentration, the larger the particles.  A similar trend was observed by Tang et al. when 
they increased the total concentration of metal salts in their reaction to make MnFe2O4 
nanoparticles [25].   
The effect of temperature was less significant than originally expected, 
especially given the results reported in two other independent studies [28, 29].  
However, this study varied temperature over a smaller range than those two studies, e.g. 
room temperature to 85°C.  Therefore, the temperature effect was more amplified in 
those two studies.   
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The effect of pH was also less significant than iron concentration.  Hydrolysis 
reactions become more favorable as the alkalinity of the solution is increased [36, 37], 
so it is reasonable to expect more of the iron to participate in nucleation, which 
subsequently results in less iron available during particle growth.  In such situations, the 
average particle size should be smaller when the pH is higher.   
Data showed that the trends discussed above for pH and temperature were not 
consistent in all conditions.  These inconsistencies implied some interaction between pH 
and temperature. Thus, additional experiment matrices were designed and completed to 
validate the observed trends.   
 














1 0.9 M 0.5 M 65°C 8.9 49.61 0.75 
2 1.8 M 0.5 M 65°C 9.5 53.66 3.0 
3 0.9 M 3.0 M 65°C 8.5 46.31 1.5 
4 1.8 M 3.0 M 65°C 10.6 52.94 6 
5 0.9 M 0.5 M 95°C 9.5 51.16 2.25 
6 1.8 M 0.5 M 95°C 10.7 54.05 6 
7 0.9 M 3.0 M 95°C 8.4 46.12 0.65 





























Main Effects Plot (data means) for Particle Size
 
Figure 3-19.    Results of design of experiment Matrix 1. 
 
3.6.3   Analysis of Experiment Matrix 2 
In the initial experiment matrix, the particle size increased when the iron salt 
concentration was increased.   The range of the iron salt concentration was expanded in 
the second experiment matrix to verify that trend.  The second experiment matrix and 
the measured nanoparticle properties are shown in Table 3-7.    
Process conditions where the iron salt concentration of 2.3 M with a base 
concentration of 0.5 M were not included in the matrix since Fe3O4 particles did not 
form under those conditions. The precipitates were reddish brown and did not contain 
magnetic properties.  It is theorized that the precipitates were some combination of 
FeOOH and α-Fe2O3 since they had the appearance of those phases [36].  Equation (8) 
predicts that the ratio of [Fez+]/[OH-] in the total reaction solution must be at least 0.5 for 
the dark red complex to form, and at these conditions ([Fez+] = 2.3M and [OH-] =0.5M), 
the ratio was only 0.46.  Furthermore, the final pH of the solution after the precipitates 
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formed was less than 2 – another indicator that the reaction solution was not alkaline 
enough.  To form the precipitates, sufficient OH- ions are required to deprotonate the 
hydroxy bridges in the complex and produce Fe3O4.  Therefore, for process conditions 
that called for [OH-] = 0.5 M, only [Fez+] = 0.4 M was added to the second experiment 
matrix. 













9 0.4 0.5 65 8.8 51.01 1.5 
1 0.9 0.5 65 8.9 49.61 0.75 
2 1.8 0.5 65 9.5 53.66 3.0 
10 0.4 3.0 65 7.7 40.23 1.5 
3 0.9 3.0 65 8.5 46.31 1.5 
4 1.8 3.0 65 10.6 52.94 6 
11 2.3 3.0 65 10.6 52.07 6.75 
12 0.4 0.5 95 8.5 46.34 0.5 
5 0.9 0.5 95 9.5 51.16 2.25 
6 1.8 0.5 95 10.7 54.05 6 
13 0.4 3.0 95 8.2 48.11 0.2 
7 0.9 3.0 95 8.4 46.12 0.65 
8 1.8 3.0 95 10.0 51.73 4 
14 2.3 3.0 95 10 50.50 8.25 
 
The measured variation in particle size with iron salt concentration is plotted in 
Figure 3-20.  It is apparent that increasing iron salt concentration is a way to control 
particle size, but its effectiveness hits a plateau at higher concentrations.  At both 65°C 
and 95°C, particle size was approximately equal at iron salt concentration 1.8 M and 2.3 
M.    However, the coercivities are slightly larger for the ones synthesized at the higher 
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iron concentration.  This may imply a wider distribution of particle size, i.e. larger 
particles that are not superparamagnetic contributed to Hc.   






















Total Conc'n of Fe ([Fe2+]+[Fe3+]) / M
 
Figure 3-20.  Plot of particle size with [Fez+]. 
 
Increased temperature is thought to increase particle size [28].  Reasoning 
suggests that ions diffuse through solution faster at higher temperatures, and the 
increased diffusion rate enables faster growth of particles.  In fact, at [OH-] = 3.0M, the 
data show decreased size with increasing temperature.  We theorize that since hydrolysis 
is more favorable at higher temperatures and in solutions with greater alkalinity, the 
concentration of iron salt in solution is consumed faster during nucleation.  This causes 
the supply of iron in solution to deplete much earlier in the reaction thereby leaving less 
iron for particle growth.   
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 [Fez+]=0.4M     [Fez+]=1.8M













Figure 3-21.  Plot of particle size with temperature at  
(a) [OH-] = 0.5M and (b) [OH-] = 3.0M. 
 
TEM analysis indicates that temperature impacts the morphology of particles.  
Nanoparticles produced at 65°C are rounded and spherical.  However, particles 
produced at 95°C appear more angular in shape; particles are generally cubic, with some 
showing a pyramidal shape.  A similar observation was made by Liu et al. [28], where 
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they found cubic particles at reaction temperature 90°C.  The intended application of 
these nanoparticles is fillers in composites.  A more isotropic shape, such as spheres, is 
generally more desirable because sharp corners in fillers can create high stress 
concentration areas, which are weak points and may catalyze crack growth and induce 
failure [55].  Therefore, a reaction temperature of 65°C was used in production of 
particles for nanocomposites.   
 
 
Figure 3-22.  TEM image of faceted particles (Sample 7) reaction temperature 95°C. 
 
 The majority of data shows that particles are smaller when the base concentration 
is higher, as shown in Figure 3-23, and this trend is consistent with other publications [4, 
46] .  The sample synthesized with iron salt concentration of  [Fez+] = 1.8M, [OH-] = 
3.0M, and T = 65°C deviates from this trend.  When particle size is plotted against a 
normalized variable,  [Fez+]/[OH−], the process conditions at [Fez+] = 1.8M and  [OH-] = 
3.0M at both 65°C and 95°C show a spike in the data set, as shown in Figure 3-24.  The 
50nm 
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ratio [Fez+]/[OH-] = 0.06 is equivalent to the process condition [Fez+] = 1.8M and  [OH-] 
= 3.0M, and appears to be an optimum ratio to produce larger particles.  An explanation 
for this has not been identified, but one possible reason is that the variables pH and 
temperature interact and the observed trends were a combined effect.  Further studies are 
necessary to elucidate this behavior. 
 







 65C, [Fez+]=0.4M   95C, [Fez+]=0.4M
 65C, [Fez+]=0.9M   95C, [Fez+]=0.9M













Figure 3-23.  Plot of particle size with [OH-]. 
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Figure 3-24.  Plot of particle size with [Fez+]/[OH-]. 
 
3.6.4  Other Particle Size-Controlling Variables  
Ratio of Ferric to Ferrous Ions 
The stoichiometric ratio of Fe(II) to Fe(III) in magnetite is 0.5.  Some studies 
show that adjusting that ratio can be significant in controlling particle size and 
morphology [6, 43].  Ferric and ferrous salts have different solubilities, and generally 
ferrous salts are less soluble.   At room temperature the solubilities of FeCl2 and FeCl3 
are comparable, but the solubility of FeCl3 increases much faster with temperature than 
that of FeCl2 [56], as shown in Figure 3-25.  One goal of this study is to produce 
spherical nanoparticles.  Gee et al. found that by having equal amounts of FeCl2 and 
FeCl3, the particles are more spherical [6].  At 60°C and 80°C, FeCl3 is 1.37 times more 
soluble than FeCl2.  To compensate for this difference, the ratio of FeCl2 to FeCl3 should 
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be increased to 0.7.  The effect of ferric to ferrous salts ratio was examined and the 
experiment matrix is shown in Table 3-8.         




































Figure 3-25. Solubility of FeCl2 and FeCl3 in water. 
 














2 1.8 M 0.5 M 65°C 0.5 9.5 53.66 3.0 
3 0.9 M 3.0 M 65°C 0.5 8.5 46.31 1.5 
5 0.9 M 0.5 M 95°C 0.5 9.5 51.16 2.25 
8 1.8 M 3.0 M 95°C 0.5 10.0 51.73 4 
15 1.8 M 0.5 M 65°C 0.7 12.0 57.84 9 
16 0.9 M 3.0 M 65°C 0.7 10.2 52.50 3.50 
17 0.9 M 0.5 M 95°C 0.7 10.0 53.99 8.75 
18 1.8 M 3.0 M 95°C 0.7 10.7 53.28 7.25 
19 1.8 M 0.5 M 65°C 1.0 11.8 58.99 11 
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This experiment found that ferric to ferrous ion ratio has a strong effect on the 
particle size and shape.  Nanoparticles’ properties are also summarized in Table 3-8 and 
the particle size is plotted against [Fe2+]:[Fe3+] in Figure 3-27.  The condition that 
showed the largest particle sizes was at [Fez+] = 1.8M, [OH-] = 0.5M, and [Fe2+]:[Fe3+] 
= 0.7 and 1.0.  Figure 3-26 shows the TEM images of Samples 15, and 19.  The presence 
of excess ferrous ions yields larger and rounder particles.  Conditions where there is 
excess ferrous ions produced rounder particles and that observation was supported by 
Gee at al. at [Fe2+]:[Fe3+] = 1.0, so that ratio is used to produce nanoparticles for 
composites.    
 
        
(a) (b) 













 1.8M, 3.0M, 95C
 1.8M, 0.5M, 65C
 0.9M, 3.0M, 65C











Ratio of [Fe2+] : [Fe3+]
 
Figure 3-27.  Plot of particle size with [Fe2+]:[Fe3+]. 
 
Ionic Strength of Solution and Source of Iron Salt 
The ionic strength of a solution can be adjusted by the addition of electrolyte and 
it was found to be a major factor in controlling particle size in the study by Vayssieres et 
al. [46].  The presence of a noncomplexing electrolyte, such as NaNO3, in the reaction 
solution reduces the particles’ surface potential and stabilizes the newly formed 
particles.  In their study, Vayssieres et al. compared the effectiveness of NaNO3, 
NH4NO3, and N(CH3)4NO3 as electrolytes.  They found that electrolytes with smaller 
cations were better at stabilizing particles, and as a result they selected NaNO3 for 
further study.  Increasing the concentration of NaNO3 allows more surface areas, i.e. 
smaller particles, to be stabilized.  Consequently, they found that smaller particles were 
formed with increasing ionic strength (NaNO3 concentration).   
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The effect of electrolyte was studied in this section and the experiment matrix is 
shown in Table 3-9.  It also includes the properties of the synthesized particles.  Sample 
19 from the previous section and Sample 3 from Experiment Matrix 1 were used as 
control, and KNO3 was the electrolyte instead of NaNO3.  Since the cations of KNO3 and 
NaNO3 are both monovalent and belong to the same group in the periodic table, one can 
expect KNO3 to be just as effective in stabilizing particles as NaNO3.  Figure 3-28 
shows that the addition of KNO3 in the reaction solution reduced particle size.  The 
particles decreased in size by 35% when 0.75 M of KNO3 was used.  Further increase of 
ionic strength to 1.5 M did not result in additional reduction in particle size.   To verify 
that the effect of KNO3 is not unique to those conditions, KNO3 was amended to process 
condition of Sample 3, and yielded Sample 22, which was 60% smaller than Sample 3 
particles.  KNO3 was proven to be effective in reducing particle size in the same manner 
as reported for NaNO3.         
 
















19 1.8 M 0.5 M 65°C 1.0 0 M 11.8 58.99 11 
20 1.8 M 0.5 M 65°C 1.0 0.75 M 7.7 42.22 1 
21 1.8 M 0.5 M 65°C 1.0 1.50 M 7.6 37.50 <1 
3 0.9 M 3.0 M 65°C 0.5 0 M 8.5 46.31 1.5 
22 0.9 M 3.0 M 65°C 0.5 0.75M 5.1 25.58 <1 
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z+]=1.8M, [OH-]=0.5M, Fe ratio = 1.0











Ionic Strength [KNO3] / M
 
Figure 3-28.  Effect of ionic strength on particle size.   
 
 It was discussed earlier that some publications on coprecipitation reported using 
different types of iron salts, such as nitrates and sulfates [6, 45, 57].  Systematic study on 
the effect of iron salt type on particles size had not been reported before.  The impact of 
salt type on particle size was briefly studied, along with the combined effects of Fe3+ 
source and ionic strength, as summarized in Table 3-10.  The new samples are 23-25 and 
Samples 4, 19, and 20 are included in the table as baselines.  Particle sizes are plotted 
against process variables in Figure 3-29.  The use of ferric nitrate in place of chloride 
salt reduced the particle size by 72% and 57% for Samples 23 and 24, respectively.  The 
solubility of Fe(NO3)3 (0.19 mols/100g sat. solution at T=25°C) is much lower than that 
of FeCl3 (0.30 mols/100g sat. solution at T=25°C) [56]. With a lower solubility, the 
activity of the ferric ion would be lower in solution, and the driving force for 
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precipitation is reduced.  When KNO3 is present in the reaction solution, the size 
reducing effect of using ferric nitrate is less.  This was observed in Sample 25, which 
only showed a 5% decrease in particle size.   
 


















19 1.8 M 0.5 M 65°C 1.0 0 M 11.8 FeCl3 58.99 11 
23 1.8 M 0.5 M 65°C 1.0 0 M 8.5 Fe(NO3)3 50.42 2.5 
4 1.8 M 3.0 M 65°C 0.5 0 M 10.6 FeCl3 52.94 6.75 
24 1.8 M 3.0 M 65°C 0.5 0 M 6.1 Fe(NO3)3 31.95 <1 
20 1.8 M 0.5 M 65°C 1.0 0.75 M 7.7 FeCl3 42.22 1 












 [KNO3]=0 M, [OH-]=0.5M, Fe ratio = 1.0 
 [KNO3]=0 M, [OH-]=3.0M, Fe ratio = 0.5













Figure 3-29.  Effect of Fe3+ source and ionic strength on particle size. 
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3.6.5   Analysis of Functional Relationship Between Particle Size and  
Magnetic Properties 
 
This thesis investigates multifunctional (electrical, magnetic, and mechanical) 
properties of composites using nanoparticles as fillers.  To understand magnetic 
composites the properties of the nanoparticle fillers must be investigated first.  The 
coprecipitation experiments produced 25 samples of Fe3O4 nanoparticles with diameters 
ranging from 5 nm to 12 nm.  Magnetization and coercivity measurements were 
performed on those samples to develop a model that predicts Ms(R) for Fe3O4. 
The synthesized particles showed a strong correlation between magnetic 
properties and particle size.  A number of publications also have observed a dependence 
of Ms with the particle size and have attributed this to dominating surface effects [23, 50, 
58-60].  As illustrated in Figure 3-30, the ratio of surface area to volume per particle 
increases significantly as particle size decreases.  Fe3O4 at the surface is not surrounded 
by a lattice structure as in bulk phase, thus electrical, magnetic, and chemical properties 
are expected to differ from bulk Fe3O4.  Since the properties of free surfaces differ from 
the bulk, properties of nanoparticles are expected to deviate from bulk properties more 
significantly as the contribution from the surface increases.   
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Figure 3-30.  Ratio of surface area to volume with particle size. 
 
In general, saturation magnetization and coercivity of the synthesized particles 
decreased as the particle size decreased.  This observation is not unique to magnetite 
nanoparticles, but is also true for other ferrites [23, 59].  The decrease in coercivity, Hc , 
at room temperature with particle size is observed when the size of the particles is small 
enough that each particle is a single domain [50].  The decrease with decreasing particle 
size continues and at a critical size, Hc = 0.  For particles at or smaller than this critical 
value, they are superparamagnetic.  That critical value for magnetite can range from 14-
19 nm (see superparamagnetism discussion in Chapter 2), depending on the anisotropy 
constant used in the calculation.  Figure 3-31 shows a plot of measured Hc with particle 
size (diameter), and the relationship can be approximated to be linear at the region near 
the critical value [50].   
From the data of the particles synthesized here, Hc = 0 when Dp = 7.75 nm.  The 
observed critical size is smaller than the predicted values calculated in Chapter 2.  As 
previously discussed, the coercivity was measured using a VSM where the particles 
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were pressed into pellets.  The interaction between particles may effectively increase the 
anisotropy constant of the samples during measurement.  Particles that were not 
perfectly spherical can also increase the effective anisotropy constant [61].  Furthermore, 
the synthesized particles have a size distribution and the larger particles may not be 
superparamagnetic and have nonzero coercivity.  These factors can delay the onset of 
superparamagnetism to smaller particles.     


















Figure 3-31.  Plot of Hc vs. particle size (Dp).  
 
Berkowitz et al. [58] suggested a model for the decrease in particle size and that 
model is applied and then expanded in this study to yield physical insight into the 
parameters.  Power law relationship between Ms and inverse of the particle size was 
reported in that and other publications [23, 62], which is qualitatively similar to the 
Fe3O4 nanoparticle synthesized in this work.  Figure 3-33 is a plot of Ms1/3 vs. 1/R for the 
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synthesized Fe3O4 particles.  The linear relationship between Ms1/3 vs. 1/R is derived 
from a supposition that a magnetically dead, Ms = 0, layer exists around each particle (or 
near the particle surface).  This layer does not contribute to the magnetic properties, but 
it does add to the overall mass of the particle.  One assumes that R is the total radius of a 
particle, and it is composed of r and ∆r, where r is the radius of the particle with Ms > 0 
and ∆r is the thickness of the magnetically dead layer with Ms = 0.  Figure 3-32 
illustrates the particle.  One assumes that the magnetization is a volumetrically weighted 
















=⋅=   (3-14) 
where Ms,effective is the measured saturation magnetization for the particle and Ms,bulk is the 
bulk saturation magnetization.  Further simplification of Equation (3-14) results in the 
following: 









,     (3-15) 
 
Equation (15) represents a linear equation, 3/1,effectivesM  is plotted against 1/R, respectively.  
Notice that ∆r, the thickness of the magnetically dead layer can be determined from the 
slopes while the bulk saturation can be calculated from the intercepts.  Figure 3-33 
shows the fitted plot of Equation (15).  Table 3-11 reports the results of the linear fit of 




Figure 3-32.  Illustration of a particle with a magnetically dead layer, ∆r.   
 




























Figure 3-33.  Plot of 3/1,effectivesM   vs. 1/R showing the power law relationships of magnetic 
properties with particle size.   
 
The saturation magnetization calculated from Equation (3-15) is within the range 
of the reported bulk value (92-100 emu/g) [36].  The thickness of the magnetically dead 
layer from that equation is larger than those reported by other groups for magnetic 
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nanoparticles [23, 58].  Other groups used an approximation of Equation (3-14), using 
only the first two terms of the expansion.  We obtained similar results for ∆r as those 
groups when we used the approximated form of Equation (3-15).  Since Equation (3-15) 
did not exclude higher order terms, one can expect the ∆r and Ms,bulk values from the fit 
of that equation to be more accurate than previously reported.   
 
Table 3-11.  Linear fit results for Equation (3-15).   



















-0.97 0.93 96.89 
 
  The reason for the presence of a magnetically dead layer has been assigned to 
spin canting, high anisotropy, and/or loss of long-range order on the surface [22, 23, 58-
60].   Although a plethora of data has proven the existence of spin canting, it cannot be 
ruled out that noncoherent spins exist in the bulk [22, 23].  It is not a surprise that ∆r is 
very close to the value of the lattice constant, a = 0.8394 nm [53], since the ions on the 
outer layer are most likely to be misaligned from the applied field resulting in an 
apparent decrease in saturation magnetization [22].  Future work in this topic should 
include direct measurements of the thickness of the magnetically dead layer and its 





3.6.6 Nanoparticles to Bridge Molecular and Bulk Properties 
The Fe3O4 nanoparticles produced here ranged from 5 nm to 12 nm in diameter.  
Size range scaling is to be expected and was analyzed quantitatively in the previous 
section.  Particles of this size range contain approximately 200-3000 units of Fe3O4 and 
the scaling from bulk properties was reasonable. However, the question arises 
concerning the magnetic properties of even smaller particles, when ∆r/R approaches 
unity. 
Particles 2 nm or less in diameter approach molecular scales and their behavior 
cannot be predicted using traditional theories.  The lattice constant of Fe3O4 is 0.84 nm, 
so a particle that is less than 2 nm (<2.5 times the lattice constant) in diameter would 
behave differently even from 10 nm particles.  The magnetic properties of particles that 
only consist of a few molecular clusters were predicted to be enhanced beyond that of 
bulk [47].   
Landman and coworkers have modeled the magnetic properties of nanoclusters 
made of Fe3O4 and have predicted that such material would have saturation 
magnetization 3.5 times that of the bulk [47].  This opposes the trend observed in this 
study’s measurements on nanoparticles with diameter of 5 to 12 nm.  deHeer and 
coworkers took magnetic measurements of smaller particles and observed an upward 
trend that begins when the particle size is less than 3 nm [47].  Published data from other 
groups are also included in Figure 3-35, validating the magnetic properties data of the 
particles synthesized here [6, 60].  Particles with diameter greater than 3 nm exhibit a 
decrease in saturation magnetization with decreasing particle size. The particles 
synthesized in this study were made using the same process, chemical coprecipitation.  
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Previous concerns about the process route contributing to the variation in magnetic 
properties were minimized.  It is valid to assume that the changes in magnetic properties 
are attributed only to differences in particle size. 





































3.7  Summary 
Magnetite (Fe3O4) nanoparticles were synthesized using chemical 
coprecipitation.  The main purpose of this work is to determine a process that would 
produce sufficient quantity of nanoparticles to be used as fillers for composites.  Using a 
systematic experiment design, the process parameters that affect particle size were 
determined.  The concentration of iron salt precursors was important, but as the 
concentration reached 1.8 M, its effect was not as significant.  Other publications 
reported that increasing temperature would result in larger particles.  This was observed, 
although its effect was mitigated when the pH level of the reaction solution was 
increased.  When the ratio of iron salt concentration to base was 0.06, larger particles 
were produced.  The ratio of ferric to ferrous salt affected particle size and morphology, 
and this was attributed to a difference in solubility of the salt in aqueous solution.  For 
chloride salts, equal parts of ferric and ferrous ions yielded spherical particles.  The type 
of iron salt also affected the particle size, since that modified the salt’s solubility.  The 
ionic strength of the solution was also investigated, where increased ionic strength 
generated smaller particle sizes.   
After a wide size range of Fe3O4 nanoparticles were produced, the relationship 
between the magnetic properties and the particle size was measured and a model of Ms 
vs. particle diameter was developed.  The measured linear relationship between Hc and 
particles was explained by theories of superparamagnetism.  The critical particle size for 
onset of superparamagnetism was determined to be 7.75 nm for magnetite, and this is 
smaller than calculated values.  The discrepancy can be explained by contributions of 
particle interactions and shape to the effective anisotropy constant.  The measured linear 
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relationship of Ms1/3 with the inverse of particle size was characterized and supported the 
theory of magnetically dead layer. The dead layer was found to be 0.93 nm, very close 
to the lattice constant of magnetite.  The analysis conducted here is more accurate than 
previous studies because it did not approximate the weighted average relationship 
between Ms and particle size.  The particles synthesized here helped to connect the bulk 
properties with nanoscale properties. Based on the results of this study, the process 
conditions that was selected to synthesize fillers for magnetic nanocomposites are the 
following: 
 

















19 1.8 M 0.5 M 65°C 1.0 0 M 11.8 FeCl3 58.99 11 
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MAGNETIC AND MECHANICAL PROPERTIES  
OF Fe3O4 NANOCOMPOSITES 
 
4.1  Introduction 
The previous chapter described the synthesis of nanoparticles and measurements 
of their magnetic properties.  This chapter will present the efforts performed during this 
project to fabricate and characterize nanocomposites using the nanoparticles synthesized 
in Chapter 3.   
Fabricating composites with nanoparticles as fillers is challenging.   
Nanoparticles have a propensity to agglomerate into clusters and then settle out of their 
liquid medium, such as aqueous solution and uncured epoxy resin.  Valid mechanical 
and electromagnetic data requires well-dispersed and isotropic composites.  To produce 
a well-dispersed nanocomposite, the particles’ surfaces must be modified to prevent 
them from agglomerating.   
In this chapter a procedure for treating the surface of Fe3O4 nanoparticles with a 
surfactant, sodium dodecylbenzene sulfonate (NaDBS), was developed.   NaDBS 
treatment resulted in improved dispersion of nanoparticles in the epoxy-based polymer 
matrix.  Mechanical and electromagnetic properties of Fe3O4 nanocomposites with 
average filler sizes of 7 nm, 12 nm, and 25 nm were measured and compared with 
properties of composites containing micron-sized Fe3O4 fillers.  In addition, the effects 
of volume fraction on electromagnetic and mechanical properties were evaluated.   
Electromagnetic properties of nanocomposites differed from micron-sized composites.  
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This is consistent with the size dependence of magnetic properties discussed in Chapter 
3.   
In the following section a background on surface chemistry of particles will be 
presented along with approaches for modifying their surfaces to improve dispersion.  
The selected approach for modifying surface of Fe3O4 nanoparticles will be discussed in 
that section.  Details of experimental procedures (fabrication and characterization of 
composites) will follow and the remaining part of this chapter will present analysis of 
the measured mechanical and electromagnetic properties.     
 
 
4.2  Background on Surface Chemistry and Surface Modification of Particles 
When small particles are dispersed in a liquid medium, they are at a higher state 
of free energy than when they are agglomerated [1, 2], as shown in Figure 4-1.  The free 
energy of interaction has contributions from van der Waals, electrostatic, and steric 
forces [1, 2]: 
∆G = ∆Gatt(van der Waals) + ∆Grep(electrostatic) + ∆Grep(steric)     (4-1) 
where ∆Gatt and ∆Grep represent the energies of attractive and repulsive interactions, 
respectively.  Unless there is a sufficient energy barrier to prevent it, the particles’ 
tendency is to minimize their energy by flocculating together at small separation lengths.  
This energy barrier must be at least two to three times the value of kT (k is Boltzmann’s 
constant and T is temperature) so that it cannot be overcome by thermal vibrations [1].  
Equation (4-1) shows that stabilization of particles can be attained by increasing the 
repulsive energy components.  Increasing the electrostatic and steric contributions is 




Figure 4-1.  Total potential energy of interaction of dispersed and flocculated particles, 
reproduced from Otterstedt and Brandredth [1]. 
 
 The surfaces of particles in aqueous solution are often described using the 
electrical double layer model [3].  The charges that characterize the surface of particles 
attract ions of the opposite charge from the surrounding solution.  These ions (called 
counter-ions) form a diffuse layer around the particles and their concentration decreases 
with the distance from the surface of the particles.  The region that is occupied by 
opposing net charges at and near the surface of the particles is called the electrical 
double layer (EDL), and is shown in Figure 4-2.  This layer prevents the particles from 
flocculating.  As they approach particles will experience electrostatic repulsion due to 
charges in the double layers, as described by the classical DLVO (Derjaguin-Landau-
Verwey-Overbeek) theory [1, 4].  If enough force is provided when two particles collide 





Figure 4-2.  Schematic of the electrical double layer (EDL) surrounding a particle. 
 
 The electrical double layer can be described more specifically using the Stern 
layer and the Gouy-Chapman model [1, 3].  The ions that occupy the Stern layer are 
tightly bound to the surface of the particles by van der Waals and/or electrostatic forces 
[1].  A schematic of the Stern layer and Gouy-Chapman model is shown in Figure 4-3.  
The Gouy-Chapman model describes the diffuse layer of counter-ions that occupy the 
region beyond the Stern layer and where the surface potential decays exponentially with 
increasing distance away from particle surface.  Within the Stern layer, the potential 
drop is more precipitous because the concentration of ions is greater.    The change in 
potential within the electrical double layer is quantified by the following equation [1]: 
)exp( xo κψψ −=      (4-2) 
where ψ  and ψo are the electrical potential at a distance x from the surface of the 
charged particle and at the surface of the charged particle (x = 0), respectively.  κ is the 
Debye-Huckel parameter, and its inverse is called the Debye length and it is used to 
characterize the thickness of the EDL.  κ is a function of temperature (T), ionic strength 
















κ      (4-3) 
where e is the electron charge, NA is Avogadro’s number, εo is the permittivity in 
vaccum, and k is Boltzmann’s constant.  The most effective means of varying κ is by 
changing the ionic strength of the solution.   
 
Figure 4-3.  Gouy-Chapman model with Stern layer. 
 
The zeta potential , ζ, is often used to approximate the the potential at the edge of 
the Stern layer, ψδ ,and it marks the beginning of the diffuse layer.  Zeta potential is 
defined as the potential between the plane of shear around the particle and the medium 
surrounding the particle [3, 4].  This plane of shear is just beyond the Stern layer but still 
within the double layer.  Since ζ ≅ ψδ , it is an important parameter because it plays a 
big part in controlling the surface behavior of particles [3].       
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 Electrostatic repulsion energy can be increased using counter-ions to build up the 
electrical double layer.  This method is suitable for dispersing particles in aqueous 
solutions (medium) and in relatively low concentrations [4].  For dispersing particles in 
organic medium and/or high concentrations, steric stabilization using surfactants or 
polymers are more effective.  The theories discussed thus far are still applicable for 
steric stabilization, especially the discussion on adsorbed entities within the Stern layer. 
Surface modification of iron oxide particles using surfactants to increase the 
steric repulsion energy of the surfaces has been reported elsewhere and for various 
applications [5-11].  The use of oleic acid as surfactant has been very effective in 
stabilizing iron oxide particles in organic media.  The presence of a carboxylic group on 
one end of the oleic acid structure can form a complex with the surface of the particles 
and the cis-double-bond midway along its chain allows for better solubility in 
hydrocarbon solvents [5, 10].  Other groups have also demonstrated success using 
tartaric and citric acids as stabilizing agents and their effectiveness can also be attributed 
to the carboxylic groups [6, 12].  Silane coupling agents are also able to complex with 
the surface of iron oxide particles through both chemisorption and physisorption [7].   
Several publications reported the use of coating with polymer and/or silica to modify the 
particle surface [10, 13-15].  Such layer of coating will effectively shield the magnetic 
properties of the particles and increase the size of the particles [15].   
Based on the encouraging results reported by other groups on steric stabilization 
of particles, a surfactant was selected to modify the surface of Fe3O4 nanoparticles.   
Sodium dodecylbenzenesulfonate (NaDBS) was the surfactant used in this study because 
it is readily available and this group of surfactants was proven effective in modifying the 
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surface of iron oxide particles [16].   NaDBS is one of the least expensive and more 
common ionic surfactants and more stable than other common anionic surfactants, such 
as sodium dodecyl sulfate, over a wide range of pH and at elevated temperatures [17].  
Its chemical structure is shown below: 
 
Figure 4-4.  Chemical structure of NaDBS. 
 
Surfactants are ampiphilic in nature, having both hydrophilic and hydrophobic 
groups within the same structure and thus they are soluble in organic and aqueous 
solvents [4].  The polar end of the surfactant will interact with the surface of the particle, 
while the hydrophobic tail is compatible with the organic medium, as shown in Figure 4-
5.  The driving force for adsorption of surfactants on particles can be attributed to the 
following interactions:  electrical, lateral chain-chain, and chemical [3].  The total free 












elecads GGGGGGG ∆+∆+∆+∆+∆+∆=∆ −−−  (4-4) 
where oelecG∆ is due to electrical interaction, 
o
CCG −∆  is the contribution of lateral chain-
chain interaction , ochemG∆  is for chemical bonding.  Other types of interactions that 
contribute to the total free energy include hydrogen bonding ( o HHG −∆ ), the interaction 
between hydrocarbon chains and non-polar solids ( o SCG −∆ ), and the interaction between 




Figure 4-5.  Schematic of steric stabilization of particles using adsorbed surfactants. 
 
Electrical and chemical interactions play major roles in the adsoprtion of ionic 
surfactants on particle surface [3].  Ionic surfactants can be adsorbed by exchanging with 
counter-ions in the double layer and/or by direct electrostatic affinity between the 
charged surface of the particle and the polar end of the surfactant that has the opposite 







elec GGG )()()( ∆+∆=∆     (4-5) 
As shown in the following scheme, the dipole contribution arises due to the replacement 
of adsorbed water by surfactant: 
(surfactant)solution + n(H2O)adsorbed → (surfactant)adsorbed + n(H2O)solution  (4-6) 
sjnj
o
dip EG µ∆∑=∆ )(      (4-7) 
where ∆nj is the change in the  number of adsorbed molecule j, µj is the dipole moment 
of j, and Es is the field strength of the Stern plane.  There is driving force for Coulombic 
adsorption as long as the zeta potential is positive for anionic surfactants (and negative 
for cationic surfactants), as shown in the following equation:    
δψzFG
o
Coul =∆ )(      (4-8) 
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where z is the valency of the ionic surfactant, ψδ  is the potential at the Stern plane but 
the zeta potential can be used in its place, and F is Faraday’s constant. 
 Chemical interactions also play an important role especially for oxide particles 
[3].  Surfactants containing carboxylic, sulfonates, sulfates, hydroxylic, and amine 
groups are known for their chemisorption behavior.  There is evidence of chemisorption 
when characteristic peaks of surfactants from infrared spectroscopy have shifted [3].  
Chemical interactions can provide additional driving force for adsorption of surfactants.   
Furthermore, secondary bonds such as van der Waals and hydrogen bonding will also 
contribute to the adsorption of surfactants.     
Since NaDBS is an anionic surfactant, its adsorption on the surface of Fe3O4 
particles was facilitated when the particles’ surface potential is positive, i.e. ψδ  > 0.  The 
surface potential of metal oxides can be modified using H+ and OH-, as shown below 
[18]. 
M-OH + H+ → M-OH2+      (4-9a) 
M-OH + OH- → M-O- + H2O     (4-9b) 
M is the metal and M-OH represents the hydroxyl group that is attached to the surface of 
metal oxide surfaces.  Therefore, surface of Fe3O4 particles was made positive by 
placing the particles in an acidic environment, as in Equation (4-9a).  With a positive 
surface potential, electrostatic interaction occurred between the surface of Fe3O4 
particles and the polar end of NaDBS.  This is shown in Figure 4-6.  Once NaDBS 
molecules were near the surface of the particles, they could chemically interact with the 
surface of Fe3O4 particles, which is more robust than electrical interaction. 
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Figure 4-6.  Schematic of adsorption of NaDBS on surface of iron oxide particle.   
 
Once the Fe3O4 particles were treated in aqueous and acidic solution for 
adsorption of NaDBS, they were rinsed and then transferred to an organic solvent for 
dispersion in epoxy resin.  Theoretically, the organic tails of adsorbed NaDBS molecules 
were exposed to the epoxy resin and the polar head was adsorbed on the particles’s 
surface.  In conjunction with mechanical agitation, i.e. sonicating bath, NaDBS 









4.3  Experimental Procedure 
4.3.1 Surface treatment of nanoparticles with surfactant (NaDBS) 
25nm Particles  
 Fe3O4 nanoparticles with an average diameter of 25nm were purchased from 
Aldrich (product # 637106).   2 g of nanoparticles were added into 250 mL of distilled 
water in a 500mL 3-neck flask and sonicated for 30 minutes.  The slurry was placed 
under a nitrogen blanket and deoxygenated for at least 30 minutes.  The pH of the slurry 
was adjusted to approximately 2.5 by adding 2M HCl solution and left to stir for another 
60 minutes in inert atmosphere.  0.348 grams of NaDBS was added to the slurry.  This 
amount produced a solution with a NaDBS concentration of 4x10-3 M, which is lower 
than the critical micelle concentration (CMC) for NaDBS (5x10-3 M) [17].  It is known 
that surfactants assemble into ordered structures, i.e. spherical micelles, at 
concentrations near the CMC and higher [4], and this process competes with the 
adsorption of surfactants on particle surface.   Therefore, a concentration less than the 
CMC was selected. The nanoparticles were left to stir in the solution for 20 to 24 hours 
under a nitrogen blanket. 
 To collect the particles, a permanent magnet was used to separate it from the 
solution and then it was decanted.  Subsequently, the particles were rinsed with acetone 
twice and then with toluene twice.  Approximately 50 mL of the solvent was used at 
each rinsing step.  It was difficult to extract all of the toluene completely, and about 1 
mL of toluene remained with the particles.  The slurry of surfactant-treated particles was 
mixed with an epoxy formulation, and details of the procedure are in the following 
section.  The toluene that remained with the particles was convenient since that allowed 
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for the surface-treated particles to disperse more easily in epoxy resin and toluene 
reduced the viscosity of epoxy resin. 
 
7 nm and 12 nm Particles 
 Using the process conditions of Samples 19 and 20 as described in Table 3-35, 
7nm and 12 nm particles were synthesized.  After the final rinsing step, the particles 
were not filtered and dried as described in Chapter 3, but they were transferred to 
another 500 mL 3-neck flask containing 225 mL of distilled and deoxygenated water.  
The pH of the slurry was adjusted to approximately 2.5 using 2 M HCl solution, just as 
described for 25 nm particles.  The mixture was stirred and deoxygenated for at least 60 
minutes and then 0.314 grams of NaDBS was added.  The mixture was stirred for 20-24 
hours under a nitrogen blanket.  The particles were collected following the same 
procedure as described for 25 nm particles.     
 
4.3.2 Nanocomposites Formulation 
 The polymer matrix in the nanocomposites consists of bisphenol A – type epoxy 
resin (Epon 828 - Miller Stephenson), hexahydro-4-methylphthalic anhydride (HMPA) 
purchased from Aldrich as hardener, and triphenylphosphine (TPP) purchased from 
Fluka as curing agent (catalyst).   Their chemical structures are shown in Figure 4-7.  
The formulation included 100 phr (per hundred parts of resin by weight) of Epon 828, 
80 phr of HMPA, and 2.7 phr of TPP in the formulation.  Toluene was also accounted 
for in the formulation at 6-10 wt% of the three essential components desribed 




    
(b) (c) 
 
Figure 4-7.  Chemical structures of (a) bisphenol A – type epoxy resin,  
(b) hexahydromethylphthalic anhydride and (c) triphenylphosphine. 
 
4.3.3 Preparation of Nanocomposites 
After the surfactant-treated nanoparticles were collected, HMPA and a stock 
blend of Epon 828 and TPP were added.  For TPP to dissolve in epoxy resin it must be 
heated to approximately 60°C, therefore a stock blend of resin and curing agent was 
prepared separately.   The mixture of polymer and nanoparticles was mixed using a high 
shear blade at 760 rpm for 10 minutes.  The mixture was then sonicated for four hours.  
The sonicating bath helped to disperse the nanoparticles and remove any trapped air 
bubbles in the uncured nanocomposite blend. 
 The nanocomposite blend was poured into molds for curing.  The curing 
behavior of the nanocomposites is affected by the presence of fillers, and the effect was 
amplified with smaller filler size.  As the filler concentration was increased, longer 
curing times were required.  Furthermore, when the particle size was reduced, the 
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requirement for longer curing times was observed at lower volume fraction.  See 
discussion in Section 4.5.3.   
 
4.4  Characterization Equipment and Procedures 
 The goal of the research was to fabricate and characterize nanocomposites with 
multifunctional properties.  Satisfaction of the multifunctional approach requires data 
acquisition utilizing a plethora of experimental procedures and characterization 
equipment.  This section will describe the equipment and procedures for characterizing 
chemical, mechanical, and magnetic properties of materials.   
 
4.4.1 FTIR 
 A Fourier transform infrared (FTIR) spectrometer was used to analyze the 
surface of nanoparticles [3].  The equipment used was a Nicolet 4700 FT-IR made by 
Thermo Electron Corporation.  To prepare the samples for FTIR measurement, a small 
amount of it was ground together with KBr and then pressed into a thin disk.  The 
analysis was conducted at wavenumbers 400 to 4000 cm-1, a resolution of 4 cm-1 and at 
transmission mode.   
 
4.4.2    TGA 
A thermal gravimetric analyzer (TGA) was used for observing weight loss due to 
decomposition of surfactant and evaporation of residual solvent.  A TGA model Q50 by 
TA Instruments was used.  A platinum sample pan was used, which permitted a 
maximum temperature of 1000°C.  The purging gas was nitrogen and its flow rate was 
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set at 40 mL/min.  The samples were analyzed at a heating rate of 10°C/min from 30°C 
to 900°C.   
 
4.4.3    DSC 
A differential scanning calorimeter (DSC) was used to determine the glass 
transition temperatures, heat of reactions, peak curing temperature, and onset reaction 
temperatures of polymer.  The DSC Q100 by TA Instruments was used.  The purging 
gas was nitrogen and the flow rate was set at 50 ml/min.    
 To measure the curing behavior, a sample weighing between 10 mg to 20 mg 
was placed inside an aluminum pan.  The heating rate was set at 10°C/min from 30°C to 
300°C.  The sample was then cooled at a ramp rate of –10°C /min back to 30°C.  During 
the heating cycle, the polymer is cured and curing parameters are measured.  During the 
cooling stage, the glass transition temperature of the cured polymer is determined.   
 
4.4.4   Mechanical Properties 
A Microtester 5548 Instron Co. with a three-point bend fixture was used to 
measure the flexural properties and fracture behavior of the composites.  The same 
fixture was used to measure two sets of mechanical properties, but with diffferent test 
parameters and specimens.  American Society for Testing and Materials (ASTM) 
standards were used as guidelines:  ASTM D5934 for flexural properties and ASTM 
D5045-99 for fracture toughness and energy.  
 
To measure the flexural properties, three-point bend method was followed.  The 
test specimens were approximately 30 mm in length, 1.5 mm in thickness, and 6 mm in 
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width.  Each sample was placed in the test fixture as illustarated in Figure 4-8.  Three to 
four specimens of each composite sample were measured to have some statistical 
validation.  The rate of loading was controlled by setting the flexural extension at a rate 
of 1 mm/min.  The test proceeded until the specimen failed and the applied load and 
extension of the specimen were recorded.  The flexural modulus was calculated from the 
slope of the plot of applied pressure vs. strain.  The strength was measured as the 
maximum applied pressure, before failure. 
 
Figure 4-8.  Schematic of test set-up for three point bend method,  
reproduced from ASTM D5934-02. 
 
 Fracture behavior was measured using the test set up illustrated in Figure 4-9.  
The test specimens were approximately 30 mm in length, 2mm in thickness, and 6 mm 
in width.  The time-consuming part of this method is the specimen preparation.  It 
required machining of a V-shaped notch in each specimen.  The V-notch was machined 
using an end mill with a drill diameter of 0.7 mm.  Subsequently, a sharp crack was 
initiated by tapping a sharp blade at the bottom of the machined notch, as illustrated in 
Figure 4-10.  Three to five specimens of each composite sample were tested.  The 
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geometry of the specimens met the required dimensions to meet the plane-strain 
conditions.  Ratio of crack length to sample width (a/W) had to be between 0.45 and 
0.55.  The ratio of sample width to thickneness (W/B) was betweeen 2 and 4.  The length 
of the support span was the same as in the three-point bend method, but the load was 
applied at a rate of 5 mm/min.  The total length of the crack, a, was measured after the 
specimens were tested. 
  
 
Figure 4-9.  Schematic of test set-up for fracture measurements,  










 The recorded data was load vs. displacement (extension).  Fracture toughness 











= ),(2/1      (4-10) 
where PQ is the maximum load, B is the thickness of specimen, W is the width of 











=    (4-11) 
The geometric requirements were set, so KQ = KIC  for these tests.  Furthermore, the 





=      (4-12) 
where E is the elastic modulus.  The flexural modulus was obtained using the three-point 
bend method as described previously.  Elastic modulus was approximated assuming 
70% of flexural modulus [19].   
 
4.4.5    Permeameter 
 A permeameter designed and fabricated by the Signatures Technology Labratory 
at Georgia Tech Research Institute was used to measure the frequency dispersive 
permeability of the composites from 100 MHz to 8 GHz.  The dimensions of the 
samples for this study were approximately 30 mm in length, between 2 to 3 mm in 
width, 0.2 to 0.5 mm in thickness.  A schematic of the permemater is shown in Figure 4-
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    (4-13a) 
µr* = µr’ + iµr”     (4-13b) 
where sampleS11  is the complex reflection coefficient collected from a network analyzer, γo 
= 2π/λo is the free space propagation constant and λo is the electromagnetic wavelength 
in free space, L1 is the width of the sample, and L2 is the distance between the sample 
and the reference plane.   
 
 
Figure 4-11.  Schematic of permeameter, from Schultz [20]. 
 
 This method provides accurate measurements for higher frequencies, from 100 
MHz to 8 GHz.  It requires additional data on permeability from a separate measurement 
in a lower frequency range, such as those collected using a low impedance analyzer, to 
calibrate the measurement and calculate the actual permeability.   
 
4.4.6    TEM Sample Preparation Using Microtome 
 Cross sections of nanocomposites were prepared using a Leica Microtome Nova.  
The samples were first trimmed manually using a razor blade to produce a trapezoidal 
cross section with an area that was approximately 0.5mm x 0.5 mm.  The samples were 
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then mounted on the microtome and aligned with a glass knife, which was used to trim 
the sample further.  Each sample was trimmed until its surface is parallel to the glass.  
The glass knife was then replaced with a diamond knife, which was used make the final 
sections.  At times, it was necessary to refine the alignment of the sample to the diamond 
knife at this time.  The final thickness of the sections was between 30-60 nm and they 




4.5  Results and Discussion 
4.5.1   Characterization of the Polymer Matrix 
An epoxy resin system was selected for the polymer matrix of (nano)composites.   
Its process conditions are easily adjusted with the choice of hardener, curing agent and 
their respective amount in the formulation.  A bisphenol A type of epoxy resin with 
anhydride as hardener have been proven to be reliable [21], and was used in this study.   
Though a more common selection of curing agent are nitrogen containing compounds, 
such as amines and imidazoles, it was important to use a curing agent that did not react 
with the dopant used in the conductive polymer coating.  Thus, triphenylphosphine 
(TPP), a phosphorous-containing curing agent, was selected.   
 The concentration of TPP in the formulation was determined by analyzing the 
curing behavior of samples as a function of the curing agent concentration.  Toluene was 
also present in the nanocomposite formulation, so it is included in the analysis of epoxy 
formulations.  Table 4-1 lists the different formulations and the results of those analyses.   
An optimum concentration of curing agent should not initiate curing too quickly since 
that can produce.a polymer with low crosslinking density and lower glass transition, Tg 
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[22].  Further, to facilitate cost-effective processing, the onset of cure and peak of cure 
temperatures should be less than 150°C.   Based on these criteria, a TPP concentration of 
1.5 wt% (Formulation 2) appeared promising.  It yielded the highest Tg and its onset of 
cure and curing peak temperatures are less than 150°C.   
The addition of toluene (Formulation 6) had minimal effect on the curing cycle 
requirements, but reduced the Tg.  Toluene acts as a nonreactive diluent, and may have 
an adverse effect on properties of the cured epoxy [23].  However, a 10°C reduction in 
Tg is not significant since that still resulted in a Tg above 130°C.  Therefore, TPP 
concentration of 1.5wt% was used and the toluene concentration did not exceed 15wt% 
in the nanocomposite formulation.  Figure 4-12 shows the DSC scans of Formulations 2 
and 6.   


















1 6 0 120.23 125.24 105.69 312.6 
2 1.5 0 142.05 142.64 117.24 316.1 
3 1 0 137.87 148.06 119.31 322.4 
4 6 10 107.28 125.28 107.44 300.6 
5 2 15 124.07 136.94 114.25 268.2 
6 1.5 15 132.66 141.9 116.53 288.2 
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Figure 4-12.  DSC scans of Epoxy Formulations (a) 2 and (b) 6. 
 
4.5.2 Surface Treatment of Nanoparticles 
The amount of NaDBS adsorbed on the surface of Fe3O4 nanoparticles was 
measured using TGA.  Figure 4-13 shows the weight loss attributed to NaDBS being 
desorbed as the temperature was raised.   The weight percentage of NaDBS was 
determined by taking the difference in weight between 150°C and 900°C, since any 
weight loss less than 150°C can be attributed to residual solvent.  The amount of 
adsorbed NaDBS on 12 nm particles is greater than on 25 nm particles, as shown by the 
larger weight loss percentage observed in the TGA scan of 12 nm particles.  Since the 
surface area of particles is inversely proportional to particle size, it is reasonable for 
more surfactant to be adsorbed on the surface of smaller particles.   
Two decomposition temperatures were observed for both 25 nm and 12 nm 
particles, and they are summarized in Table 4-2.  The first decomposition temperatures 
(b) Formulation 6 
(a) Formulation 2 
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are comparable to reported values [16].  The second decomposition temperature was 
attributed to chemisorbed surfactant.  Both of the decomposition temperatures for 12 nm 
particles are higher, an indication that a greater percentage of the adsorbed NaDBS were 
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Figure 4-13.  TGA of NaDBS-treated nanoparticles: (a) 12 nm and (b) 25 nm. 
 
Table 4-2.  Summary of TGA results of NaDBS-treated nanoparticles. 
 Weight % NaDBS 
Desorption 
Temperature (°C) 
25 nm Fe3O4 7% 
292°C 
695°C 







Adsorption of NaDBS on the surfaces of particles was also verified using FTIR.  
The FTIR spectra of NaDBS and 25nm particles were collected as a basis for 
comparison and they are shown in Figure 4-14.  The set of characteristic peaks of 
NaDBS and magnetite are listed in the first two columns of Table 4-3.  The third column 
lists the peaks that were observed in the spectrum of NaDBS-treated Fe3O4. The peaks 
that shifted were italicized.  Figure 4-15 compares the spectrum of NaDBS-treated 
Fe3O4 with the control spectra in the wavenumber region of interest.   
There are two characteristic peaks that shifted relative to the control spectra and 
they are from the Fe-O and SO3-R stretching bands (see italicized peak location in Table 
4-3) [16, 24].  The specific peaks that exhibited a shift after the surface of the particles 
was treated are listed in parentheses.   A shift in peak location and/or shape is often 
caused by change in chemical bonding in the structure [3].  A condensation reaction 
between NaDBS and Fe-OH on the surface is one possible route for chemisorption, as 
shown in Figure 4-16.  The chemisorption process should affect stretching/vibration of 
Fe-O and SO3-R bonds and that is consistent with the peak shifts observed in the IR 


































Table 4-3. Summary of FTIR characteristic peaks for 25nm particles, NaDBS, and 
NaDBS-treated 25nm particles.   
25 nm Fe3O4 NaDBS 
NaDBS-treated 
25 nm Fe3O4 
 
400-600 cm-1 
(592 cm-1) -- 
400-600 cm-1 
(583 cm-1) 
Fe-O stretching [24] 
 1000 – 1050 cm-1 1000 – 1050 cm-1 SO3-R asymmetric stretching [16] 
 
1150 – 1250 cm-1 
(1180 cm-1) 




 1350 – 1800 cm-1 1350 – 1800 cm-1 CH2 bending [16, 25] 































Figure 4-15.  FTIR spectra comparing characteristic peaks of (a) NaDBS and NaDBS-
treated 25nm Fe3O4  (b) 25nm Fe3O4 and NaDBS-treated 25nm Fe3O4. 
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4.5.3 Nanocomposites  
Dispersion and Curing  
Effectiveness of NaDBS as dispersant was observed during the mixing of 
particles with the polymer matrix.  The nanocomposite blend of surfactant-treated 25 nm 
particles was more homogeneous than its untreated counterpart.  This was evident at the 
macroscale when a drop from each sample of uncured nanocomposite blends at Vf = 
0.025 was spread across a glass slide, obvious formations of larger clusters and 
agglomerates were in the sample with untreated particles.  Little to no change was 
observed even after the mixtures were mechanically dispersed using high shear mixer 
and sonicated for 4 hours.  The nanocomposite blend with surfactant-treated particles 
appeared homogeneous and did not have any visible agglomerates.   
The microstructures of cured nanocomposites containing surfactant-treated and 
untreated 25 nm nanoparticles were also compared.  Using the same samples discussed 
in the previous paragraph, thin cross sections of each sample were prepared using a 
microtome.  The cross sections were viewed in TEM and their images are shown in 
Figures 4-17 and 4-18.  A cross section of surfactant-treated 12 nm nanocomposite at Vf 
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= 0.025 was also analyzed and it is shown in Figure 4-19.  The untreated 25 nm 
nanocomposite in Figure 4-17 showed agglomerates with sizes of several to tens of 
microns.  The particles in surfactant-treated 25 nm nanocomposite were more dispersed 
but still exhibited agglomeration/clustering.  The microstructure of surfactant-treated 12 
nm nanocomposite was even more dispersed compared to the 25 nm sample.  One 
possible reason for this difference is that 12 nm particles were never extracted from a 
liquid medium completely and dried.  The nanoparticles were always in some sort of 
liquid medium, albeit a small volume of liquid in some cases.   The difference in degree 
of dispersion was applied to explain the differences in measured mechanical properties. 
 
 














One of the goals of this research was to prepare nanocomposites at high filler 
loading, volume fraction greater than 5%.  However, the preparation of nanocomposites 
with high filler loading proved to be challenging.  For example, when 7nm fillers at Vf = 
0.025 were used, the resulting composite was extremely brittle and it was decided that 
the volume fraction would be restricted to Vf  = 0.002 to 0.0125.  Similar observations 
were made for nanocomposites with 12 nm fillers, so the maximum volume fraction for 
that set of samples is 0.025.  For 25 nm fillers, samples as high as Vf = 0.10 were 
successfully fabricated.      
The curing process was found to be dependent on the size and concentration of 
nano-sized filler.  As the filler loading increased, a longer cure schedule was required.  
Table 4-4 lists the cure schedules of the different composite samples and data from DSC 
analyses.  Unfilled samples and those with lower filler loading were cured after two 
hours at 100°C.  However, Sample C4 (25 nm fillers, Vf = 0.05) was still soft after two 
hours at 100°C, therefore another hour was added to its cure schedule at 100°C.  
Extending the curing cycle was necessary at lower volume fractions for smaller particle 
size, e.g. Sample C10 (Vf = 0.025 , 12 nm particles) and  Sample C13 (Vf = 0.0125, 7 
nm particles) were kept at 100°C for 4 hours before they hardened.   
Figure 4-20 shows that the nanocomposites’ exothermic peaks from their curing 
profile are broader than their micron-sized counter parts.  The curing profile of Samples 
C6 (Vf = 0.10, 25 nm) and C10 (Vf = 0.025, 12 nm) illustrates that their curing 
exotherms are broad, and curing initiated at lower temperatures but completed at higher 
temperatures.  The curing profiles of these samples also show the possibility of two 
overlapping peaks.  Therefore, two modes of curing mechanism must be considered.   
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Adsorbed surfactants on the surface of nanoparticles coupled with increased 
interfacial area between filler and epoxy may have altered the curing reaction.   Based 
on the curing data, we propose that hydroxyl group on the surface of the nanoparticles 
can catalyze the curing reaction.  It is well established that pendant hydroxyl groups can 
react with anhydride and initiate curing [26].  Surface of nanoparticles that did not have 
adsorbed surfactant have exposed hydroxyl groups that may initiate curing reaction at 
the lower temperature.  At the same time, the dispersed nanoparticles (12 nm and 7 nm) 
are small enough that they may act as impurities and impede curing in epoxy, as shown 
by the delayed completion of curing in Figure 4-20 of 12 nm composite.  Furthermore, 
adsorbed NaDBS can interact with epoxy and can have a plasticizing effect.   In 
contrast, the curing of composites with micron-sized fillers was not affected by the 
volume fraction, as shown by the relatively constant curing parameters from Table 4-4 
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Table 4-4.  Cure schedule and thermal analyses data of fabricated composites. 
Sample Cure Schedule Thermal Analyses (DSC) 
ID 
Particle 













C0 -- 0 2 hrs 1 hr 142.05 142.64 117.24 316.1 
C1 -- 0 2 hrs 1 hr 132.66 141.90 116.53 288.2 
C2 25 nm 0.013 2 hrs 1 hr 110.59 142.00 119.10 250.6 
C3  0.025 2 hrs 1 hr 122.19 147.94 111.03 204.7 
C4  0.050 3 hrs 1 hr 108.17 154.57 109.42 212.7 
C5  0.075 3 hrs 1 hr 117.38 144.55 101.72 171.7 
C6  0.010 3 hrs 1 hr 130.04 141.63 107.35 169.9 
C7 12 nm 0.002 2 hrs 1 hr 132.26 148.30 126.60 310.0 
C8  0.006 2 hrs 1 hr 126.14 148.21 124.47 300.7 
C9  0.013 2 hrs 1 hr 121.34 147.83 116.19 264.9 
C10  0.025 4 hrs 2 hrs* 123.83 149.23 70.68 218.7 
C11 7 nm 0.002 2 hrs 1 hr 135.11 141.75 121.82 305.5 
C12  0.006 2 hrs 1 hr 115.33 145.70 111.47 232.9 
C13  0.013 4 hrs 2 hrs 111.43 148.84 99.91 107.8 
C14 ~ 5 µm 0.025 2 hrs 1 hr 137.25 142.98 119.38 291.7 
C15  0.050 2 hrs 1 hr 134.25 143.14 120.01 255.5 
C16  0.100 2 hrs 1 hr 130.75 141.40 117.96 223.7 
C17  0.150 2 hrs 1 hr 107.23 139.92 114.35 162.21 
C18  0.200 2 hrs 1 hr 111.42 141.85 119.96 131.5 
 





Mechanical properties  
 This section presents the measured mechanical properties of nanocomposites as 
functions of filler content and filler size.  The trends of their properties were compared 
to composites containing micron-sized fillers.  Flexural modulus and strength of the 
composites were measured using the three-point bend method.  The fracture toughness 
of the fabricated samples was measured using a three-point bend fixture and single-
edge-notch bending (SENB) specimen geometry.  Data from these two sets of tests are 
summarized in Table 4-5.  The data are also presented graphically in Figures 4-21 to 4-
28.  Properties of micron-sized and 25 nm composites are presented in one group, since 
they tend to show similar trends.  Data of 12 nm and 7nm composites are grouped 














Table 4-5.  Mechanical properties of fabricated nanocomposites. 





























































































































































The modulus of ~5µm composites displayed the expected behavior of increasing 
linearly with volume fraction when Vf ≤ 0.30 [27].  Nanocomposites fabricated using 25 
nm fillers show the same trend and their data closely align with those of ~5µm 
composites.  Their data are plotted in Figure 4-21.  However, nanocomposites with 12 
nm and 7nm fillers exhibited unexpected trends, where a modulus drop was observed at 
higher filler loading.  Figure 4-22 shows that modest improvements in modulus were 
made at Vf = 0.006, and then a significant reduction at Vf = 0.0125 and Vf = 0.025 for 7 
nm and 12 nm nanocomposites, respectively.  These samples also have unusual curing 
behavior, which was discussed earlier. 
 






















Figure 4-21.  Flexural modulus of ~5µm and 25nm composites. 
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Figure 4-22.  Flexural modulus of 12nm and 7nm composites. 
 
 The flexural strengths of ~5µm and 25 nm composites did not align together as 
with the modulus data but showed similar trends.  As shown in Figure 4-23, the 
strengths of both sets of composites decreased with increasing volume fraction. The 
decrease in strength with filler content suggests that the bonding between particles and 
matrix are weak points [27].  If the bonding between filler and matrix were poor, the 
strength would continue to decrease with filler loading.  When there is good adhesion 
between matrix and fillers, the strength decreases minimally with filler loading and/or 
recovers from the decrease.  There is evidence of good bonding between micron-sized 
Fe3O4 particles and the matrix since there is an indication of recovery in strength when 
Vf > 0.10.    A large drop in strength was observed for Sample C5 (Vf = 0.075, 25nm), 
but subsequent analysis indicated that the drop may be caused by excessive voids 
present in that sample.  Overall, 25 nm composites had lower strength than their ~5µm 
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counterparts, probably due to greater interfacial area between filler and matrix.  The 
interfacial areas represent weakness point in the structure.  Unfortunately 25 nm 
composite samples at higher volume fraction were not available for measurements.  
Therefore recovery of strength, an indication of good bonding between fillers and 
matrix, could not be verified for 25 nm composites.    





























Figure 4-23.  Flexural strength of ~5µm and 25nm composites. 
 
Flexural strengths of 12 nm and 7 nm composites are plotted in Figure 4-24.  The 
drop in strength with filler content is more precipitous in smaller filler size.  The drop in 
strength is clearly illustrated by the data of Samples C10 (Vf = 0.025, 12 nm) and C13 
(Vf = 0.0125, 7nm).  Particles at this size scale have 200-700 times the polymer-filler 
interfacial area than micron-sized fillers.  It is reasonable to observe the additional 
reduction in strength for composites with 12 nm and 7nm fillers.  Using the same 
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reasoning, the mechanical properties of 25 nm composites should resemble the 
properties of 12nm and 7nm composites, but as discussed earlier they were more 
comparable to the properties of micron-sized composites.     






















Figure 4-24.  Flexural strength of 12nm and 7nm composites. 
 
Recall that the amount of adsorbed surfactants on 12 nm particles was 
significantly greater than for 25 nm particles (see Figure 4-13 and Table 4-2).  The 
difference can be partially attributed to increasing surface area with decreasing particle 
size, but another reason may be due to processing.  25 nm particles were purchased as 
dried particles and were resuspended in solution before surface treatment.  In contrast, 
12 nm and 7 nm samples were synthesized and then treated with surfactant; there was 
not a discrete step where the particles were completely extracted and dried from 
solution.  Since 12 nm and 7 nm particles were continuously processed in solution, they 
were more receptive to surfactant adsorption as indicated by the TGA analysis.  The 
127 
adsorbed NaDBS can act as a plasticizer to the epoxy resin.  Since more surfactant was 
adsorbed on 12 nm and 7nm particles, the surfactant’s plasticizing effect was more 
apparent in those composites and degraded the flexural modulus and strength of the 
polymer matrix.   
The impact of adsorbed NaDBS on the mechanical properties was evident in 
Samples C10 (Vf = 0.025, 12 nm) and C13 (Vf = 0.0125, 7nm).  Their flexural modulus 
and strength were inferior and displayed anomalous curing behavior.  The onset cure 
temperature of samples C10 and C13 were the lowest at ~71°C and ~100°C, respectively 
and yet their cure peak temperatures were among the highest at 148-149°C.  On the 
other hand, 12 nm (and 7nm) composites showed a more dispersed microstructructure.  
As will be discussed, this influenced the fracture properties of the composites.   
 The trends observed from fracture data of ~5µm and 25nm composites are 
consistent with particulate composites.  For the most part, the fracture toughness (KIc) of 
~5µm and 25nm composites improve with addition of fillers (Figure 4-25), and this is 
consistent with observations of particulate composites [27].  Analysis of the fracture 
energy data, GIc, shows that there is an optimum volume fraction where fracture energy 
is maximized (Figure 4-26).  At filler loading higher than the optimum value, the fillers 
form clusters and have low resistance to crack propagation.  The optimum volume 
fraction increased from Vf = 0.025  for ~5µm  composites to Vf = 0.05 for 25 nm 
composites.  Generally, the optimum volume fraction shifts to higher value when the 
particle size decreases [27].  For this set of composites, the addition of these fillers 
improved the fracture energy by more than twice that of the neat polymer at the 
optimum volume fraction. 
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 Although the fracture energy data showed that ~5µm and 25 nm fillers improved 
the fracture properties to similar levels, the processing window for 25 nm composites 
were narrower.  In Figure 4-26, the reinforcing effect of 25 nm particles was optimum at 
Vf = 0.05, but slight deviations from that filler loading would result in significant 
reduction in fracture energy.  For ~5 µm particles, there is greater latitude for deviation 
from the optimum volume fraction of Vf = 0.025.  A slight deviation from Vf = 0.025 
would result only in minor decrease in fracture energy.  Therefore, from a processing 
perspective, fracture properties of composites with 5µm particles are more robust than 
25 nm particles.   
    
























Figure 4-25.  Fracture toughness of ~5µm and 25nm composites. 
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Figure 4-26.  Fracture energy of ~5µm and 25nm composites. 
 
The impact of 12 nm and 7nm fillers on fracture behavior is more significant 
than the larger fillers (see Figures 4-27 and 4-28).  The cross section of 12 nm composite 
at Vf = 0.025 showed a more dispersed microstructure than 25 nm composite at the same 
volume fraction (Figures 4-18 and 4-19).  A three-fold increase (relative to neat 
polymer) in fracture toughness was observed using 12 nm fillers at a filler concentration 
of Vf = 0.025.  The fracture toughness also increased by almost three-fold using 7nm 
fillers and at lower filler concentration (Vf = 0.0125).  The effects are much more 
dramatic when comparing the fracture energy.  7nm fillers at Vf = 0.0125 increased the 
fracture energy by an order of magnitude.  This amplified effect was a result of a 
decrease in modulus at that filler concentration, since fracture energy is inversely 
proportional to elastic modulus.  A similar effect also was observed for 12 nm fillers.  
An optimum volume fraction, i.e. displaying maximized fracture energy, was not 
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observed in composites with smalle filler size since fabrication of 7 nm and 12 nm 
nancomposites with higher volume fraction was not successful.           
Dispersed nanoparticles in the polymer matrix is important for reinforcing the 
fracture properties of the matrix.  As shown in the cross section of a 25 nm composite 
(Figure 4-18), clusters and agglomerates as large as 1-2 microns were still present.  
Therefore, the fracture properties of 25 nm composites were comparable to micron-sized 
composites.  The cross section of a 12 nm composite (Figure 4-19) shows that the 
nanoparticles were much more dispersed, and consequently the fracture properties were 
greatly improved.  A dispersed microstructure can be assumed for 7 nm composites 
since the fracture properties were also significantly better than micron-sized and 25 nm 
composites.   
























Figure 4-27.  Fracture toughness of 12nm and 7nm composites. 
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Figure 4-28.  Fracture energy of 12nm and 7nm composites. 
 
The interfacial area between polymer and fillers is greater in 12 nm and 7nm 
composites than in 25 nm composites because the particles are smaller and they were 
more dispersed.  The polymer in the interfacial area could deform plastically and absorb 
energy from externally applied force.  With larger interfacial area that can undergo 
plastic deformation, 12nm and 7 nm composites have greater resistance for crack 
propagation, as indicated by their KIc and GIc data.  The possibility that adsorbed 
surfactants plasticize the polymer matrix could further explain why 12 nm and 7 nm 
composites have larger capacity for energy dissipation and their fracture energies were 
five to ten times greater than the neat polymer matrix.  Future studies on the interfacial 
area between nanoparticles and polymer matrix and the effect of adsorbed surfactant on 
the properties of polymer at the interface may elucidate how nanoparticles improve the 
fracture properties of a polymer matrix at low concentrations.         
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In this part of the study, it was shown that nanoparticles (12 nm and 7 nm) 
dispersed in the polymer matrix could provide major improvements in fracture 
properties.  The improvements were achieved using low filler loading, Vf = 0.0125 – 
0.025 and this is important for application in lightweight materials.  These 
improvements come at a price, where the flexural modulus and strength were greatly 
reduced.  These nanocomposites may be used in conjunction with a fabric- or fiber-
reinforced fillers to compensate for the trade-off in properties.  This hierachical 
approach to designing multifunctional composite would be useful because the 
shortcoming of using nanoparticles to improve fracture properties is addressed by a 
well-established method of increasing modulus and strength.   
 
Electromagnetic properties 
 The electromagnetic real and imaginary relative permeabilities of the composites 
were measured and plotted in Figures 4-29 to 4-31.  Data are grouped by particle size 
and an increase in permeability with volume fraction was observed for all particle sizes.  
Resonance frequencies appeared to shift with volume fraction and particle size.   
The relative permeabilities (real and imaginary) of the fabricated composites 
increased with the content of Fe3O4 particles.  Figure 4-32 is a plot of the average real 
permeabilities in the frequency range of 100 MHz to 200 MHz.  The permeabilities are 
relatively constant within that range of frequency because it is far from the resonant 
frequencies of all the analyzed samples.  Therefore, a direct comparison of the 
permeabilities of the samples can be made, as in Figure 4-32.  At these lower volume 
fractions, the permeabilities of micron- and nanocomposites increase linearly with filler 
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volume fraction. This is expected since the volume fractions are lower than the 
percolation threshold, Vf ~ 0.33 for spherical particles.  Since the samples prepared in 
this study are below the percolation threshold, fitting the data to a linear relationship is a 
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Figure 4-31.  Permeability of 7 nm and 12 nm composites (a) real and (b) imaginary.  
 




























Figure 4-32.  Plot of average relative permeability (real) of fabricated composites from 
100MHz to 200 MHz. 
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At the same volume fraction of particles, the permeabilities of nanocomposites 
are smaller than that of micron-sized composites.  This is reasonable since the saturation 
magnetization of these micron-sized particles was shown in Chapter 3 to be greater than 
that of the nanoparticles.  Table 4-6 lists the magnetization and coercivities of the 
particles used as fillers in this study.  At low volume fractions, the permeability of Fe3O4 


























    (4-14) 
where, µf  is the permeability of the filler (Fe3O4), µc is the permeability of the 
composite, and Vm (Vf + Vm = 1) is the volume fraction of the polymer matrix.  Since µc 
and Vm were measured or known, the permeabilities of the particles can be calculated by 
inversion of Equation 4-14.   The results of the calculations are shown in Table 4-7, 
which also lists the µc and Vm used to determine the permeabilities of the particles.  The 
decrease in permeability with decreasing particle size is consistent with the 
magnetization analysis of Fe3O4 (nano)particles in Chapter 3, where saturation 
magnetization decreased as the diameter of the particles were reduced.  Therefore, the 
electromagnetic analysis of composites confirms the strong dependence of magnetic 







Table 4-6.  Properties of Fe3O4 (nano)particles.  
Particle Size Ms (emu/g) Hc (Oersted) 
5 µm 
 (Aldrich) 76.62 175 
25 nm  
(Aldrich) 62.29 65 
12 nm 
 (synthesized – Sample 19) 58.99 11 
7 nm  
(synthesized – Sample 20) 42.22 1 
 
 
Table 4-7.  Permeabilities of Fe3O4 particles and the composite data used in the 
calculations.   
Particle Size Vf 
average µc  
(100-200 MHz) µf = µmagnetite 
5 µm 0.10 1.31 5.13 
25 nm 0.05 1.18 3.60 
12 nm 0.025 1.05 3.39 
7 nm 0.0125 1.02 2.50 
 
 
Figures 4-29(b) to 4-31(b) show that the resonance frequencies of the composites 
changed with particle size and filler concentration.  A resonance frequency is determined 
to be the frequency where the permeability’s imaginary part is at a maximum.   The 
range of resonance frequencies are grouped by the particle (filler) size and summarized 
in Table 4-8.  In the cases of 5 µm, 25 nm, and 7 nm composites, the resonance 
frequencies increase with decreasing filler concentration, and similar behavior was 
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reported in other publications [30].  A change in resonance frequencies of 7nm 
composites with filler content was not observed because samples with Vf ≥ 0.0125 were 
not successfully fabricated.  The range of resonance frequencies for ~5µm and 25 nm 
composites are very similar, while 7 nm and 12 nm composites exhibit resonance 
behavior at lower frequencies. 
 
Table 4-8.  Resonance frequencies of composites. 
Particle Size 
ωo 
Resonance Frequency  
~5µm 4-5 GHz 
25 nm 4-4.5 GHz 
12 nm ~2.5 GHz 
7 nm ~1.5 GHz 
 
  
The measured variation in electromagnetic properties of composites containing 
micron- and nano-sized fillers indicate that particle size could be leveraged as a 
complementary method of modifying composite properties to the standard method, i.e. 
volume fraction.  As an example, this approach can be useful in applications where 
permeabilities need to be suppressed, but flexural modulus needs to be maximized.  The 
rise in permeability with filler content is slower when using 25nm fillers instead of 
micron-sized fillers, but the modulus increases are approximately the same with filler 
content.  Such approach will allow a materials scientist to have additional latitude in 
designing a composite.   
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4.6  Summary 
A procedure for treating the surface of Fe3O4 nanoparticles with NaDBS was 
developed.  The NaDBS-treated nanoparticles displayed better dispersion than without 
any surface treatment.  This was evident when comparing the cross section of 25 nm 
composites containing surface-treated and untreated particles.  Further improvement in 
dispersion was observed with 12 nm particles, and this was attributed to the continuous 
wet processing steps during surface treatment of nanoparticles and fabrication of 
composites.  TGA analysis of the nanoparticles showed that more surfactant was 
adsorbed on the surface of smaller particles as percentage of particle weight, which 
helped to improve the dispersion of the nanoparticles. 
Magnetic nanocomposites were then fabricated using an epoxy-based polymer 
matrix.  The curing behavior of epoxy was affected by the nanoparticles dispersed in it.  
Their effect was more evident as the volume fraction increased and as the particle size 
decreased.  We theorize that the increased interfacial area between polymer and particles 
initiated curing at lower temperature, but the nanoparticles also acted as impurities and 
delayed the completion of curing to a higher temperature.  The adsorbed surfactants 
could also interact with the polymer matrix and result in a plasticizing effect. 
The mechanical properties of nanocomposites were measured and compared 
against composites with micron-sized fillers.  Composites with 25 nm fillers behaved 
similarly to 5 µm fillers.  Modulus increased with increasing filler concentration, while 
strength decreased with it.  A recovery in strength was observed in 5 µm composites at 
Vf > 0.10, which is an indication of good bonding between filler and matrix.  This 
behavior was not observed in nanoparticles because fabrication of nanocomposites at 
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higher filler loading was not successful.  The fracture properties of composites 
containing 12 nm and 7 nm particles were improved over the micron-sized composites.  
One can see the toughening effect of the nanoparticles at relatively low filler 
concentration, e.g. Vf = 0.0125 for 7 nm fillers and Vf = 0.025 for 12 nm fillers.  In 
exchange for the improved resistance to crack growth, 7 nm and 12 nm composites have 
inferior modulus and strength.  This degradation is likely related to the effect of 
nanoparticles on the curing process of the epoxy resin.  The use of nanoparticles in 
conjunction with fabric- or fiber-reinforcements should be considered to produce 
hierarchical multifunctional composite system.   
 The electromagnetic properties of micron-sized composites differed from the 
nanocomposites.  This is explained by the dependence of magnetic properties on particle 
size, as discussed in Chapter 3.  Using Maxwell-Garnett’s approximation, the 
permeabilities of the magnetite particles were calculated.  Although there are some 
limitations to the approximation, the analysis captured the trend that permeability 
decreased with particle size, which correlates with the trend observed for saturation 
magnetization.  Resonance frequencies were observed in the permeability 
measurements.  25 nm and 5 µm composites displayed resonance at similar frequencies, 
between 4 to 5 GHz.  12 nm and 7 nm composites exhibited resonance at lower range of 
frequencies, starting at approximately 2.5 GHz and 1.5 GHz, respectively.  Furthermore, 
resonance frequencies may be observed at lower volume fraction in nanocomposites.  As 
with mechanical properties, electromagnetic properties of 25 nm composites are more 
similar to micron-sized composites.  
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MAGNETIC, CONDUCTIVE, AND MECHANICAL PROPERTIES OF  
POLYPYRROLE-FE3O4 COMPOSITES 
 
5.1  Introduction 
 The previous chapter developed, fabricated, and characterized nanocomposites 
with mechanical and magnetic properties.  The impacts of filler content and filler size on 
the properties of composites were evaluated.  Using a similar methodology, this chapter 
will present the results of a study on composites with magnetic, electrical, and 
mechanical properties.   
In this chapter, multifunctional composites containing polypyrrole-coated 5 µm 
magnetite particles were used as fillers in a polymer matrix.  Electrical conductivity was 
added to the composite properties by coating the magnetite particles with a conductive 
polymer, e.g. polypyrrole.  Before characterizing the composites’ properties, a process 
that coats magnetite particles with polypyrrole was developed.  The effect of polypyrrole 
coating on the mechanical, electrical, and magnetic properties was measured. 
 Coating Fe3O4 particles with conductive polymer provided multifunctionality to 
the composite without adding significant weight penalty.  If magnetic and conductive 
fillers were to be added discretely, the following equation would apply: 
Vm + Vf,σ + Vf,µ = 1      (5-1) 
 
where Vm is the volume fraction of the polymer matrix, Vf,σ is the volume fraction of 
conductive filler, and Vf,µ is the volume fraction of magnetic filler.  When the 
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conductivity of the composite is increased (by increasing volume fraction of conductive 
fillers), it would be at the expense of magnetic properties.  In this study, the volume 
already occupied by Fe3O4 was leveraged as platforms for the conductive polymer.  By 
making the surfaces of magnetic fillers conductive with polypyrrole coating, the 
conductive and magnetic properties may be increased concurrently in a composite.  This 
approach can be useful in developing multifunctional composites.   
 
5.2  Background on Conductive Polymer Coating on Substrates 
 Conducting polymers have been the focus of much research work since their 
discovery in 1977 [1-3].  Research work on conductive polymer applications have been 
targeted mostly on polypyrrole and polyaniline due to their environmental stability [4-6].  
However, these polymers present a challenge during processing because they are 
insoluble and have poor mechanical properties [7].  To circumvent these difficulties, 
conductive polymers may be coated on organic or inorganic materials (substrates), such 
as particles and fabrics.   
 Kuhn et al. conducted an extensive research program on developing conductive 
textiles that have applications as electromagnetic interference (EMI) shielding and anti-
static materials [8-12].  They used chemical oxidative polymerization to coat 
polypyrrole and polyaniline on polyester fabrics.  The scheme of chemical oxidative 
polymerization for polypyrrole is shown in Figure 5-1 [7, 13].  An oxidizing agent 
initiates the polymerization by forming cation radicals of the monomer.  The radicals 
subsequently react with another monomer to form a dimer.  The dimer is oxidized and 
forms another cation radical, and continues the polymerization reaction.   
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Figure 5-1.  Scheme of chemical oxidative polymerization of polypyrrole, from 
Malinauskas [7] 
 
Kuhn et al. reported on the process parameters that facilitated polymerization on 
the surface of substrates [8, 12].  They found that the monomer concentration should be 
dilute, less than 0.02 M; a concentration that is approximately 5 to 10 times lower than 
those used by other groups [12].  At dilute conditions, the monomer complexes with 
oxidizing agent forming a pre-polymer species that readily adsorbs on the surface of 
substrates.  Ferric chloride (FeCl3) is an effective oxidizing agent for polymerization of 
pyrrole, and its optimum concentration is in the range of two to three times the 
concentration of monomer.  High conductivities are achieved using anthraquinone-2-
sulfonic acid (ASA) as dopant and the recommended concentration is about 0.25 to 0.5 
of pyrrole’s concentration.  A fast polymerization rate favors formation of polypyrrole in 
solution, reduces the degree of order in polypyrrole, and results in coating with lower 
conductivity.  Therefore, to maximize conductivity of the coating, control of 
polymerization rate is important.     
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Although other groups have reported coating polypyrrole on organic and 
inorganic particles, the procedures were more complicated and/or did not produce the 
desired coating.  For example, particles were stabilized in colloids during the coating 
process but an additional step of steric stabilization prior to coating of polypyrrole (or 
polyaniline) was required [14, 15].  In other reports, the coatings were thick and/or had 
low conductivity [5, 16].  In the work here, we sought to minimize coating thickness of 
the conductive polymer to maintain maximum magnetic permeability.  Kuhn et al. 
developed a process where the conductive polymer coating was less than 1 µm [12]. 
Therefore, the method for making conductive fabric was selected as the basis for 
polypyrrole coating process on Fe3O4 particles.   
   
5.3  Experimental Procedure 
5.3.1   Coating Particles with Polypyrrole 
 The following procedure describes the details for preparing Sample P7 as listed 
in Table 5-2 in Section 5.5.1.  This method is applicable for the preparation of other 
samples that will be discussed in that section.  The exact amount of pyrrole, 
anthraquinone-2-sulfonic acid (ASA), and FeCl3 can be calculated from their 
concentrations listed in Tables 5-1 and 5-2.   The basis of those concentrations is the 
total reaction volume, which is 250 mL.    
4.69 g of FeCl3⋅6H2O was dissolved in 200 mL of distilled water.  0.235 g of 
ASA was added into the same solution, which was stirred and heated to approximately 
60°C to facilitate dissolution.   The prepared solution of FeCl3 and ASA was transferred 
into a 500 mL 3-neck flask and cooled to 10°C using an ice bath.  This solution was 
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deoxygenated for approximately 30 minutes while it was being cooled.  7 g of 5 µm 
Fe3O4 particles were then added into the flask to form a slurry which was then stirred 
vigorously under N2 blanket.    
In a separate beaker, 0.235 g of ASA was dissolved in 50 mL of distilled water.  
This solution was also placed in an ice bath to cool to same temperature as the Fe3O4 
slurry.  300 µL of pyrrole was added into the solution of ASA and mixed until miscible.  
The solution of ASA and pyrrole was added slowly into the slurry, at a rate of 
approximately 1 mL per minute.  Polymerization was allowed to proceed for a total of 
four hours (starting from when ASA/pyrrole solution was added) at 10-15°C under 
nitrogen blanket. 
The coated particles were separated from the reaction solution using a permanent 
magnet.  The particles were rinsed three times with approximately 250 mL of distilled 
water, until the supernatant was clear.  The particles were filtered out of the final rinse 
solution and then dried in an oven at 75-80°C for 12 hours.  The coated particles were 
characterized using TGA, FTIR, 4-point probe, and SEM.   
 
5.3.2   Composite Fabrication 
 The composites were fabricated using the same epoxy formulation as the 
nanocomposites in Chapter 4.  Fe3O4 or PPy-coated Fe3O4 fillers were added to the 
epoxy blend (resin, hardener, and curing agent) and then mixed using a high shear blade 
at 760 rpm for 10 minutes.  The composite blend was poured into molds, degassed for 6 
hours in a vacuum oven and cured at 140°C for 2 hours followed by 160°C for 1 hour. 
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5.4  Characterization Equipment and Procedures 
 Several of the characterization methods used to analyze these composites were 
the same as those used to analyze the nanocomposites in Chapter 4.  Please refer to that 
chapter for details on FTIR, TGA, DSC, and characterization of mechanical properties 
and electrogmagnetic properties. 
 
5.4.1    SEM 
 A scanning electron microscope (SEM) was used to view Fe3O4 particles at high 
magnifications.  The LEO 1530 thermally-assisted field emission SEM was used for 
analysis of the particles.  Operating voltage was in the range of 2-4 kV to minimize 
charging on the sample.  The particles were spread across a double-sided copper tape 
and mounted on an SEM sample holder.   
 
5.4.2   4-pt probe 
 A standard four-point probe technique was used to measure the surface 
conductivity of polypyrrole-coated and uncoated Fe3O4 particles and bulk conductivity 
of composites.  The particles were pressed into a pellet, approximately 13 mm in 
diameter and 0.5 to 2 mm in thickness.  Pellet molds were machined from a teflon rod 
by the Georgia Tech Research Institute Machine Shop.  A Carver Laboratory Press was 
used to shape the pellets at forces ranging from 2500 – 3000 lbf or approximately 97,000 
psi (670 Mpa).  This is a similar procedure used to prepare VSM samples of 
(nano)particles, except that no binder was used here.  Composite samples were trimmed 
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using a diamond saw into rectangular pieces, approximately 6 mm in width, 30 mm in 
length and 1 to 2 mm in thickness. 
 
5.5  Results and Discussion   
5.5.1 Optimization of Polypyrrole Coating on Fe3O4 Particles 
Polypyrrole coating on Fe3O4 particles provided the opportunity to add electrical 
conductivity to the list of composite functionalities.  Bulk magnetite inherently has high 
conductivity (~94 S/cm), but small particles have large exposed surface area and are 
prone to oxidation, and therefore the particles have a high contact resistance [17].  A 
process to coat the surface of 5 µm Fe3O4 particles with polypyrrole was developed to 
increase the surface conductivity of these particles.  These particles were used as fillers 
to make multifunctional composites with electrical, magnetic, and mechanical 
properties.     
Coating Fe3O4 particles with polypyrrole was adapted from the procedure used to 
coat conductive polymer on quartz and polyester fabric by chemical oxidative 
polymerization [8-12].  Polymerization of polypyrrole or polyaniline on the fabric was 
maximized and produced smooth and uniform coatings by finding an optimum ratio of 
monomer concentration to substrate area.  A similar study was conducted here using 
Fe3O4 particles as the substrate and targeting the same goal of uniform polypyrrole 
coating with maximum conductivity on the particles.  Previous research reported that a 
coating of 5 to 10 weight percent of the particles (substrate) is ideal [18].   
Table 5-1 lists the concentration of pyrrole (based on total reaction volume) and 
the weight percent of PPy, which were determined from TGA analysis.  Sample P1 did 
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not have enough pyrrole to produce the targeted amount of polypyrrole coating.  In 
contrast, increasing the amount of pyrrole by five-fold was excessive, as in Sample P2 
that had 30 wt% of polypyrrole.  A high concentration of pyrrole monomer in the 
reaction solution may also increase the fraction of pyrrole that polymerizes in solution 
and can produce an uneven coating [8, 10, 12, 15].  The weight percent of polypyrrole in 
Sample P3 was within the targeted range of 5 to 10 weight %.  Therefore, sample P3 
was used as the baseline condition for further refinements of polypyrrole coating 
process. 
 




Wt % PPy  
(from 
TGA) 
P1  1.16 x 10-2 3-4 
P2  5.76 x 10-2 30 
P3  1.73 x 10-2 7 
 
The purpose of the polypyrrole coating was to improve the electrical 
conductivity of Fe3O4 particles.  Therefore, the response that was monitored in this part 
of the optimization study was conductivity of the coated particles.  For comparison, the 
conductivity of uncoated Fe3O4 particles was measured to be 3.86 x 10-2 S/cm, which is 
comparable to reported values [8].  All samples in Table 5-2 show increases in 
conductivity.  The parameters that were evaluated include the concentration of dopant 
(ASA) and oxidizing agent (FeCl3) and polymerization time and temperature.  Table 5-2 
also includes the experiment matrix and highlights (bolded and italicized) the parameter 
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that was varied at each set of process conditions and the properties of the coated 
particles.  The table also includes Sample P3 since it was the baseline condition.  Figure 
5-2 showed the TGA scans of samples P3 to P7.     
 

















P3  5.72 x 10-3 6.93 x 10-2 4 25 6 1.09 
P4  1.04 x 10-2 6.93 x 10-2 4 25 10 1.12 
P5  5.72 x 10-3 6.93 x 10-2 14 25 15 1.03 
P6  5.72 x 10-3 1.04 x 10-1 4 25 15 0.92 
P7 5.72 x 10-3 6.93 x 10-2 4 10-15 6 2.12 
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Figure 5-2.  TGA of Samples P3 to P7. 
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Increasing the reaction time, concentration of dopant, and concentration of 
oxidizing agent increased the amount of polypyrrole coating.  Assuming that only a 
fraction of the pyrrole monomers was consumed in four hours, it is reasonable to see the 
weight increase in polyprrole when the reaction time was increased (as in Sample P5).  
Increasing the concentration of FeCl3 should increase the polymerization yield, since it 
initiates the reaction.  This effect was demonstrated by the polypyrrole weight increase 
in Sample P6.  ASA not only acts as a dopant, but can also function as an initiator [8, 
13].  Therefore, increasing its concentration had a similar effect as the oxidizing agent, 
but to a lesser degree as in Sample P4.  However, increasing the concentration of ASA 
did not result in increased conductivity.  It has been reported that optimum conductivity 
is achieved when there is one mole of dopant for every three to four moles of monomer, 
but additional dopant does not improve conductivity [12].     
The process parameters of Sample P7 were selected for coating Fe3O4 particles 
and then used as fillers in multifunctional composites.  Sample P7 had the highest 
conductivity of the samples in Table 5-2 and its polypyrrole weight fraction was within 
the recommended range.  The higher conductivity achieved in Sample P7 was most 
likely due to the lower reaction temperature.  The reduced temperature probably delayed 
initiation of polymerization and/or slowed the rate of polymerization [10].  Kuhn et al. 
proposed that pyrrole and its oxidizing agent, FeCl3, form a complex that adsorbs on the 
surface of the substrate and then undergo polymerization [8].  Delaying the 
polymerization allowed time for the complex to form and then adsorb on the surface of 
particles [10].  Furthermore, a decrease in polymerization rate can promote higher 
degree of order in the product, which increases conductivity.  In summary, the lower 
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temperature enhanced polymerization on the surface and produced more uniform coating 
of polypyrrole on Fe3O4 particles, resulting in higher conductivity.   
 Polypyrrole is a black powder so it is not easy to discern between PPy-coated 
and uncoated Fe3O4 particles, which also has a black granular appearance.  However, 
inspection of the particles at high magnification using an SEM showed that there were 
distinct differences.  Figure 5-3 is an SEM image of uncoated Fe3O4 particles, as 
purchased from Aldrich.  The uncoated particles were faceted but the surfaces can be 
described as smooth.  Figure 5-4 shows an SEM image of polypyrrole coated Fe3O4 
particles and the surfaces are textured.  The globular morphology was also observed in 
polypyrrole-coated polystyrene latexes and quartz fabrics [19, 20].  It appeared that 
smaller particles clustered together during the coating process, and some were attached 
to the surface of the larger particles.   
 
 









Figure 5-4.  SEM image of polypyrrole-coated Fe3O4 particles at (a) low magnification 





view in Figure 5-4(b)
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 The thermal stability of polypyrrole was improved when it was polymerized on a 
substrate such as Fe3O4.  The TGA scans of Sample P3 and polypyrrole in Figure 5-5 
shows differences in thermal stability between the two samples.  The polypyrrole sample 
was produced using the same conditions as the coating process except without the Fe3O4 
particles.  Therefore, polypyrrole polymerized exclusively in solution.  The polypyrrole 
powder was collected and dried as described for coated particles.  TGA analyses found 
that the decomposition temperature of pure polypyrrole was 335°C while the 
polypyrrole coating on Fe3O4 decomposed at 371°C.  Other groups have observed this 
behavior and attributed the improved thermal stability to interaction between Fe3O4 and 
PPy backbone [20].  Comparison of the FTIR spectra of polypyrrole and polypyrrole-
coated Fe3O4 (Figure 5-6 and Table 5-3) indicated that two peaks have shifted: one of 
the peaks was assigned to pyrrole ring vibrations (1540 cm-1) and the other peak was 
assigned to C-H in plane vibrations (1170 cm-1).  The observed shift in peaks supports 
the assertion of chemical bonding between polypyrrole and the surface of magnetite 
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Figure 5-5.  TGA scans of Sample P3 and polypyrrole. 























Table 5-3.  Characteristic peaks of polypyrrole and Fe3O4 particles. 
580-600cm-1 Characteristic of Fe3O4  
1540* and 1460 cm-1 Pyrrole ring vibrations  
1300, 1170*, 1089 cm-1 C-H in plane vibrations  
784 and 903 cm-1 C-H out of plane vibrations  
        *Shifted Peaks 
 
5.5.2 Mechanical properties 
 The primary purpose of the polypyrrole coating on magnetite particles was to 
add electrical conductivity to the composites, but the impact of the coating on 
mechanical properties must be evaluated.  The mechanical properties of composites with 
5 µm Fe3O4 fillers were compared against the properties of composites with 5 µm PPy-
coated Fe3O4 fillers.  Table 5-4 lists the measured properties of each sample and Figures 
5-7 to 5-10 presents them graphically.  Samples C1 and C14-C19 were discussed in 












Table 5-4.  Mechanical properties of Fe3O4 and PPy-coated Fe3O4 composites. 
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Flexural modulus measurements of the composites showed that uncoated and 
polypyrrole-coated Fe3O4 particles have similar reinforcing effects on the polymer 
matrix at Vf ≤ 0.10.  Figure 5-7 is a plot of the flexural modulus with volume fraction 
and the modulus of both composite sets increased linearly with volume fraction of the 
fillers.  The modulus of composites with polypyrrole-coated fillers was slightly higher 
than samples with uncoated fillers (see Table 5-4).  Measurement of modulus using 
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quartz fabrics as the reinforcing phase also showed an increase in modulus when the 
fabrics were coated with polypyrrole [20].     
A comparison of the flexural strengths of composites with and without 
polypyrrole coating on the magnetite fillers showed a greater difference between them.  
The recovery in strength (as discussed in Chapter 4) was observed in both sets of 
samples.   The strength recovery of composites with plain Fe3O4 particles initiated at Vf 
> 0.10, but the strength of composites with polypyrrole-coated fillers began to recover at 
Vf > 0.05.  In fact at Vf = 0.10, the strength of Sample C21 (with PPy coating) was 
greater than the strength of Sample C16 (without PPy coating).  These data are 
consistent with preliminary studies that polypyrrole coating on quartz fabrics improved 
the strength of composites [20].  Based on analysis of the flexural properties, the 
polypyrrole coating on the magnetite can be advantageous.  The coating could provide 
not only additional functionality to the composites, but it also improved the mechanical 
properties.   
The polypyrrole coating on Fe3O4 particles had the characteristics of a coupling 
agent.  Previous sections presented some evidence indicating polypyrrole chemisorbed 
on the surfaces of Fe3O4 particles.  Thus, the presence of polypyrrole coating may have 
improved compatibility between the inorganic filler and the polymer matrix, which is 
essentially the function of coupling agent [21].  Adhesion studies of epoxy on bare 
Fe3O4 and polypyrrole-coated Fe3O4 could give insight on the interfacial role of 
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Figure 5-7.  Flexural modulus of Fe3O4 and PPy-coated Fe3O4 composites. 
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Figure 5-8.  Flexural strength of Fe3O4 and PPy-coated Fe3O4 composites. 
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 Measurements of fracture properties are shown in Figures 5-9 and 5-10.  The 
fracture toughness of composites with coated and uncoated fillers were higher than the 
neat polymer.  Fracture data for Sample C19 (Vf = 0.025, 5µm Fe3O4/PPy) was not 
obtained since all specimens were damaged during the preparation of the sharp crack.  
The two data points that were available showed the possibility for an optimum filler 
content where the composite has maximum fracture properties, as observed for the 
uncoated Fe3O4 composites.   In contrast to flexural properties, the fracture properties of 
composites with polypyrrole coating on the fillers were lower than those containing bare 
Fe3O4 fillers.  The SEM pictures of coated particles show the possibility of clusters that 
formed during the coating process.  These clusters could be weak points with lower 
resistance to crack propagation.  In addition, fracture properties are not easily predicted 
based on the flexural properties, but generally rigidity of material is increased at the 
expense of toughness [22]. 
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Figure 5-9.  Fracture toughness of Fe3O4 and PPy-coated Fe3O4 composites. 
 


















Figure 5-10.  Fracture energy of Fe3O4 and PPy-coated Fe3O4 composites. 
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5.5.3 Electromagnetic properties 
 Continuing with the multifunctional characterization, this section presents the 
measured electromagnetic properties of the fabricated composites.  The permeabilities 
were measured in the frequency range of 100 MHz to 8 GHz.  The real and imaginary 
parts of permeabilities were plotted in Figures 5-11 and 5-12, respectively.  
Measurements found that both sets of composites (PPy-coated Fe3O4 and bare Fe3O4) 
had comparable permeabilities.  To insure that the comparisons of electromagnetic 
properties were consistent, the volume fraction of filler in Samples C19-C21 
(composites with PPy-coated Fe3O4) accounted for the contribution of only magnetite.   
 The resonance frequencies of composites with and without polypyrrole coating 
were also similar.  Polypyrrole coating was not expected to affect the resonance 
frequency because it is not magnetic.  The coating was sufficiently thin that diamagnetic 
response was not introduced and permeability of the composite was maintained.  The 
data in Figures 5-11 and 5-12 supported that observation.   
The average real permeabilities of the composites at lower frequency were 
calculated by averaging them in the frequency range of 100 to 200 MHz.  Those 
averages are plotted in Figure 5-13.  The permeabilities of both composite sets increased 
linearly with volume fraction.  This is expected for volume fractions below the 
percolation [23].  This trend was also observed using fillers of smaller particle size, as 










 Vf = 0
 Vf = 0.025 (PPy     Vf = 0.025 
 Vf = 0.050  (PPy)   Vf = 0.050 


























 Vf = 0
 Vf = 0.025 (PPy)    Vf = 0.025 
 Vf = 0.050 (PPy)    Vf = 0.050 















































Figure 5-13.  Average permeability (real) of Fe3O4 and PPy-coated Fe3O4 composites 
from 100 MHz to 200 MHz. 
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 Data in Section 5.5.2 indicated that the surface conductivity of Fe3O4 was 
increased by two orders of magnitude with the polypyrrole coating.  A significant 
increase in electrical conductivity of composites requires that enough fillers are present 
to establish a network of conductive paths.  In other words, the concentration of fillers 
must be sufficient that the fillers are in contact with one another.  For spherical fillers, 
the critical volume fraction for the conductive paths to be established is 0.33 [23].  In the 
case of the ~5 µm particles studied here, they are irregular in shape and possess an 
aspect ratio greater than 1.  This is clearly shown in Figure 5-3.  The critical volume 
fraction would be less than 0.33.  Nevertheless, the composites fabricated here were still 
below the percolation threshold.  Therefore, the effect the polypyrrole coating on 
electrical conductivity of composites was minimal.   
Table 5-5 summarized the conductivity data of composites.  The conductivities 
of the composites were too low to be measured using the four-point probe with the 
exception of one, Sample C21 (Vf = 0.10 using polypyrrole-coated particles).  The 
measured bulk conductivity of Sample C21 was 9.37 x 10-7 S/cm, which was higher than 
Sample C18.  Although Sample C21 did not have high conductivity, it demonstrated that 
polypyrrole coating on Fe3O4 particles added electrical conductivity to the final 
composite.  Polypyrrole coating not only has the capability to improve conductivity, it 























C1 -- 0 < 1 x 10-9  
C14 5µm 0.025 < 1 x 10-9 
C15  0.050 < 1 x 10-9 
C16  0.100 < 1 x 10-9 
C17  0.150 < 1 x 10-9 
C18  0.200 < 1 x 10-9 
C19 5µm/PPy 0.025 < 1 x 10-9 
C20  0.050 < 1 x 10-9 






















We demonstrated that polypyrrole coating on Fe3O4 particles have the potential 
to add electrical conductivity to composites thereby producing a multifunctional material 
that has magnetic, electrical, and mechanical properties.  First, a process was developed 
to coat 5 µm Fe3O4 particles with polypyrrole.  The process was adapted from coating 
quartz and polyester fabrics with conductive polymer.  A concentration of pyrrole was 
determined that produced polypyrrole coating between 5 to 10 weight % of the particles.  
Subsequently, the effects of dopant, oxidizing agent, temperature, and reaction time on 
conductivity of the coated particles were evaluated.  Lowering the temperature from 
25°C to 10-15°C doubled the conductivity.  By coating the surface of Fe3O4 particles 
with polypyrrole, their surface conductivity was improved from 3.86 x 10-2 S/cm to 2.12 
S/cm.   
The mechanical and electromagnetic properties of composites with polypyrrole-
coated magnetite particles were compared with those of composites containing bare 
Fe3O4 particles.  The polypyrrole coating improved the flexural modulus minimally, but 
flexural strengths were improved signficantly.  In composites with polypyrrole coating, 
the flexural strength recovered at a lower volume fraction and may be attributed to 
improved bonding between matrix and filler.  The fracture properties of the two sets of 
composites followed similar trends, but the polypyrrole coating had an adverse effect.  
This can be explained by increased rigidity and strength since improving these 
properties usually come at the expense of fracture resistance and by the formation of 
clusters during the coating process. 
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 The permeabilities and resonance frequencies of both sets of composites were 
very similar since magnetic properties were a contribution of Fe3O4 only.   The 
polypyrrole coating on Fe3O4 particles improved the conductivity of the composite by at 
least two orders of magnitude.  We expect that electrical conductivity of composites 
would be enhanced if filler loading were greater than the percolation threshold.  This 
study showed how polypyrrole coating on magnetic fillers added electrical conductivity 
to the Fe3O4 composite system multifunctional without compromising the magnetic 
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CONCLUSIONS AND FUTURE WORK 
 
 The main goal of this project was to develop lightweight multifunctional 
composite materials with magnetic, electrical, and mechanical properties.  In this 
material, the mechanical (structural) properties were evaluated along side their 
electromagnetic properties.   
Particulate polymer composite was used as the basis for the multifunctional 
composite system, and two composite systems were studied.  In the first composite 
system, magnetite (Fe3O4) nanoparticles (average diameters 7 nm, 12 nm, and 25 nm) 
were used as fillers.  In the second composite system, 5 µm Fe3O4 fillers were coated 
with polypyrrole to add electrical conductivity to the system.  This approach allowed for 
both magnetic and conductive properties to be increased concurrently.  Mechanical and 
electromagnetic properties of the two composite systems were characterized and 
evaluated as functions of particle size and filler content.   
Magnetite nanoparticles with diameters less than 20 nm were neither available at 
a practical cost nor in large quantities.  Therefore, to meet the demands of composite 
fabrication, part of this project was devoted to the synthesis and characterization of 
Fe3O4 nanoparticles.  Using chemical coprecipitation, nanoparticles with average 
diameters of 5 nm to 12 nm were successfully synthesized.  Size of synthesized particles 
can be modified by several process parameters, but the variables that showed the 
greatest influence were concentration of iron precursors, ratio of ferric to ferrous ions, 
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and ionic strength of solution.  The process to synthesize 7 nm and 12 nm particles were 
established and these particles were used as fillers in nanocomposites. 
The saturation magnetization and coercivities of the nanoparticles were 
measured at room temperature.  The magnetic properties were a function of particle size, 
and both saturation magnetization and coercivities decreased with particle size.  As 
reported by other groups, magnetite nanoparticles of this size range are 
superparamagnetic and exhibit reduction in saturation magnetization.  It is widely 
accepted that surface effects, e.g. magnetically dead layer due to spin canting, surface 
defects, and surface anisotropy, cause the reduction in magnetization of nanoparticles.  
Using a weighted average, the thickness of this layer was calculated by fitting the 
magnetization data to particle size using a power law relationship.  The thickness of this 
layer was calculated to be 0.93 nm – very close to the lattice constant of magnetite (0.84 
nm).   Other groups used an approximated form of the power law relationship and 
reported lower values (0.4 – 0.6 nm) for the thickness.  Direct method of measuring the 
magnetically dead layer is the necessary next step to improve understanding of magnetic 
nanoparticles’ behavior and the influence of surface effects.   
Nanocomposites were fabricated and the goal was to produce samples with well-
dispersed fillers.  Fe3O4 nanoparticles were stabilized by modifying their surfaces with a 
surfactant, sodium dodecylbenzene sulfonate (NaDBS).  The surfaces of 7 nm, 12 nm, 
and 25 nm particles were treated with surfactant and cross sections of the composites 
showed that dispersion of particles was improved with the treatment .  25 nm composites 
were fabricated with filler loading of Vf = 0.0125 to 0.10.  The electromagnetic and 
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mechanical properties of nanocomposites were compared with the properties of micron-
sized composites.   
Permeability measurements were consistent with decreased magnetization in 
nanoparticles, since they were lower than permeabilities of micron-sized composites at 
the same volume fraction.  Mechanical properties of the 25 nm composites showed 
similar behavior to micron-sized composites.  Modulus increase with filler loading was 
almost identical in both sets.  The presence of 7 nm and 12 nm particles in epoxy resin 
affected their curing behavior, i.e. composites with those fillers required longer curing 
times.  The reason for this is unclear, but it is related to increased interfacial area 
between particle and matrix and the adsorbed surfactant on the surface of particles.  It 
was observed that the effect on curing was more significant in smaller particles and/or at 
higher filler volume fraction.  Clearly more work can be done to elucidate the influence 
of surfactant-treated nanoparticles on curing kinetics of epoxy resin.  The plasticizing 
effect of adsorbed surfactants on the polymer matrix should be considered in future 
studies.    
The process for particle dispersion in polymer matrix can still be applied in other 
types of polymer.  In fact, the use of a thermoplastic polymer should be considered as a 
matrix.  Curing reaction is omitted altogether in thermoplastics and different results 
could be obtained. 
Fracture data showed that 7 nm and 12 nm nanoparticles could significantly 
improve the crack resistance of the matrix at low filler loading.  A reinforcing effect at 
low filler loading is important in the development of lightweight materials.  However, 
the improvements in fracture properties were obtained at the expense of decreased 
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modulus and strength.  Fabric-reinforcements could be utilized in conjunction with 
nanoparticles to compensate for the aforementioned trade-offs.  With this hierarchical 
composite approach, nanoparticles may still be used as fillers and their shortcomings are 
addressed with a well-established reinforcing method.  In the end, a composite system 
with improved modulus, strength, and fracture properties could be developed. 
In the second composite system, a process for polypyrrole coating on micron-
sized Fe3O4 particles was developed.  The surface conductivity of the particles improved 
by two orders of magnitude with the presence of the coating.  Strengths of composites 
with polypyrrole-coated magnetite fillers were improved over the bare fillers.  Moduli of 
the two sets of composites were similar.  The highest filler loading was Vf = 0.10 for 
composites polypyrrole-coated magnetite fillers, but there was early evidence that they 
could offer improvement in electrical conductivity of composites – by two orders of 
magnitude.  This composite system has great potential, especially if samples with higher 
filler loading were fabricated.  This work demonstrated that conductive and magnetic 
properties could be enhanced concurrently.  Further work should include the fabrication 
of samples with higher filler loading.  Improvement in coating process should also be 
considered, such as using other dopants to increase conductivity.  Polyaniline can also 
be an alternative to polypyrrole and should be evaluated as a candidate for coating on 
Fe3O4 fillers.  The coating process is quite versatile, so it would be an easy transition to 
try other types of inorganic fillers as candidates for substrates.     
A unique approach for multifunctional composites was developed using Fe3O4 
nanoparticles and polypyrrole-coated Fe3O4 particles as fillers.  Fe3O4 particles are a 
good candidate for filler in a multifunctional composite system because they can 
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reinforce mechanical properties of a polymer matrix and impart magnetic properties into 
a composite.  Polypyrrole coating on Fe3O4 particles was utilized to incorporate 
electrical conductivity to the properties of composites.  The effects of filler size and 
filler content were studied on both the mechanical and electromagnetic properties.  
Fe3O4 nanoparticles were a major part of this work – from their synthesis to their 
application in composites.  The surface effect on magnetic properties was analyzed for 
Fe3O4 nanoparticles, resulting in a more accurate calculation of the magnetically dead 
layer thickness than previously reported.   The results from this work contributed to 
further understanding of synthesis and characterization of magnetic nanoparticles, 
fabrication and characterization of nanocomposites, and design and development of 
lightweight multifunctional materials.  Although the properties of the fabricated 
composites require further improvement, the methodology and approach provide a basis 
for future work in lightweight multifunctional composites.   
 
